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SUMMARY 

1«  An  extensive  study  of  the  reinforcing  action  of  all  types 
of  finely  divided  fillers  in  dimethyl  siloxane  rubbers  has  been 
made. 

2.  The  most  reinforcement  was  obtained  with  s ilica  or  alumina 
fillers  of  0.01  to  0,02  micron  diameter. 

3.  Maximum  tensile  str-ngth  of  the  rubber  was  achieved  through 
the  use  of  Alon,  a finely  divided  aluminum  oxide,  and  GS199S, 
hydrophobic  silica,  both  of  which  affect  the  chemical  cross- 
linking  reaction  in  addition  to  producing  reinforcement. 

li.  Cross-linking  agents  were  studied  but  none  was  found  to  be 
more  effective  than  benzoyl  peroxide. 

5.  The  cross-linking  reaction  was  studied  and  it  was  found 
that: 

(a)  The  cross-linking  is  a conrolicated  reaction  in 
which  only  5 to  2$  percent  of  the  cross-linking  occurs 
as  a direct  oxidation  of  methyl  side  chains  on  adjacent 
atoms; 

(b)  Cross-linking  and  substitution  on  the  methyl 
groups  appear  to  go  on  simultaneously; 

(c)  Cross-linking  efficiency  is  greatest  with  the 
first  2 percent  of  peroxide  . At  higher  concentrations, 
cross-linking  efficiency  is  reduced. 
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(d)  Compression  set  resistance  is  be3t  with  short, 
low-temperature  press  cures  and  long,  high-temperature 
oven  cures.  There  is  no  advantage  in  using  press 
conditions  that  will  be  more  severe  than  15  minutes 
at  210°F.j 

(o)  Cross-links  may  be  formed  by  the  (presumed) 
action  of  atmospheric  oxygen  on  the  organic  coating 
on  hydrophobic  silica  in  the  absence  of  added 
peroxides.  This  action  is  difficult  to  control 
above  300° F.j 

(f)  And  further  stuefy  of  the  vulcanization  of  silicone 
rubber  should  be  undertaken. 

6.  For  maximum  reinforcing  action,  fillers  should  be  dry,  and 
their  surfaces  approximately  neutral.  Very  acid  or  very  alkaline 
surfaces  apparently  have  an  adverse  reaction  on  the  rubber  at  the 
filler-rubber  interface. 

7.  One  method  of  promoting  improved  reinforcement  consists  in 
heating  the  filler- rubber  mixture  before  adding  the  benzoyl  peroxide, 

8.  • A second  method  of  improving  reinforcement  in  certain  c ases 
is  to  depolymerizo  the  rubber  with  acids,  disperse  the  filler  (with 
the  aid  of  solvents)  in  the  liquefird  rubber,  remove  the  solvents 
and  regenerate  the  rubber  by  heating. 
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9.  Ths  depolynerlMtim  of  silieene  rubber  has  Won  staadiad* 

Oiq  use  of  de polymerized  ellioone  rubber  has  been  w&rked  out 
in  the  discovery  that  improved  flex  life  results  when  glass 
oloth  is  precoated  with  a stabilised  d ©polymerised  rubber  before 
being  finally  ooated  with  silioone  rubber  compounds • 

10*  Depolymer  i*od  silicone  rubber  has  been  utilised  as  a raw 
material  with  w hioh  to  react  other  organic  molecules* 

11*  More  extensive  de polymerisation  occurs  if  the  reaction 
is  carried  out  in  the  presence  of  acetic  anhydride  and  an 
acid  catalyst. 

12.  Aoid  depolymerisation  affects  cured  guma  and  may  have 
some  future  value  in  a reclaiming  process. 

13.  The  use  of  depolymerised  gum  or  the  use  of  low  molecular 
weight  silicone  oils  as  coatings  for  silica  aerogel  fillers 
appears  to  offer  promise  as  a way  of  softening  the  bond  between 
silioa  and  rubber.  Further  study  is  indicated  by  these  results, 
llu  Lower  molecular  weight  silicone  rubbers  result  in  softer 
compounds  whose  tensile  strength  is  not  greatly  affected  when 
Santocel  C,  silioa  aerogel,  is  used  with  benzoyl  peroxide  as  the 
curing  agent.  Higher  molecular  weight  gums  are  difficult  to  load 
with  filler.  With  GS199S  hydrophobic  silica,  the  lowest  molecular 
weight  gun  samples  result  in  lew  tensile  strengths  without  much 
change  in  hardness.  Tensile  strength  measurements  above  1$00  p.s.i. 
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resulted  when  higher  molecular  weight  gums,  which  would  ordinarily 
be  considered  too  tough,  were  used. 

15.  GS199S  hydrophobic  silica  compounds  may  be  made  with  concentrations 
as  high  as  50  volumes  of  filler  to  100  volumes  of  gum.  The  best 
tensile  strengths  are  obtained  with  concentrations  between  l5  and  25. 
Rate  of  cure  and  rate  of  aging  are  decreased  at  the  lower  concentrations 
(15  volumes  filler  per  100  of  gum).  Repeated  milling  offsets  to  some 
extent  the  excessive  cross-linking  which  occurs  at  curing  temperatures 
above  300°F. 

16.  The  cohesive  energy  density  of  silicone  rubber  is  7»50+.05.  This 
was  ascertained  by  a series  of  swelling  experiments  in  which  corrections 
were  made  for  polymer  extracted  during  the  swelling.  Approximate 
values  of  Mc;  the  molecular  weight  between  cross-links,  were  found  by 
using  a method  of  approximations  to  arrive  at  the  polymer-solvent 
interaction  parameter,^.  The  course  of  future  use  of  the  swelling 
technique  as  a tool  in  studying  cross-linking  aid  reinforcement  has 
been  indicated. 

17.  Chlorinated  silicone  rubber  was  first  produced  under  this  contract 
and  has  been  studied  further  under  another  contract.  The  chlorinated 
polymer  gives  promise  of  being  a useful  compromise  for  applications 

of  silicone  rubber  requiring  fuel -resistance. 

18.  Silicone  rubber  adhesive  tapes  were  first  produced  under  this 
contract  and  led  to  further  study  under  another  contract.  Such  topes 
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are  useful  at  sub-zero  temperatures  and  at  elevated  temperatures 
where  other  adhesive  tapes  fail* 

19*  Methods  of  improving  the  low  physical  properties  of  silicone 
rubber  have  been  developed  in  this  work.  In  certain  cases,  sane 
compromise  of  high-temperature  stability  in  order  to  achieve 
the  high  pliysieal  properties  has  been  necessary* 
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M'’AQPUCTion 

Shortly  after  -or Id  'rar  II,  military  exercises  vere 
conducted  unde:-.’  conditions  of  extreme  cold.  It  was  found 
as  a result  of  these  tests  that  practically  all  articles 
composed  of  rubber  and  rubberlike  materials  became  hard, 
brittle  and  nontext ensible  at  low  temperatures.  It  vas 
found,  for  example,  that  rubber  tires  could  be  easily 
shattered  by  a blou  vith  a hammer,  and  fanbelts,  coated 
fabrics,  gaskets  and  seals  -..-ere  so  hard  and  stiff  as  to 
be  completely  unusable  under  these  conditions.  As  a result, 
the  Office  of  the  Quartermaster  General  undertook  a 
research  program,  the  object  of  vhich  vas  to  orovide  rub- 
ber and  rubberlike  materials  vhich  uould  maintain  their 
functional  properties  over  the  temperature  ran  ye  of  -65° 
to  / 140°F. 

The  silicone  rubbers  >err  selected  for  intensive  in- 
vestigation because  of  the  fact  that  silicone  rubbers 
retain  their  resiliency  over  the  -aide  temperature  range 
of  -100°  to  /400°F.  This  unique  property  of  the  silicone 
rubbers  has  not  been  duplicated  in  any  other  elastomeric 
material.  At  the  time  that  the  program  vas  started, 
hov.’ever,  the  best  commercially  available  silicone  rubbers 
suffered  from  lou  strength,  poor  abrasion-resistance  and 
properties  vhich  mere  inferior  generally  to  those  of  other 
elastomeric  materials.  Investigation  to  improve  the 
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physical  properties  of  silicone  rubber  was  an  obvious 
line  of  attack  to  provide  a more  generally  useful  low- 
temperature  and  high-temperature  rubber. 

The  original  approach  to  the  problem  was  to  ascertain 
whether  or  not  it  would  be  possible  to  reinforce  silicone 
rubbers  in  much  the  same  manner  as  is  used  with  carbon 
black  in  the  reinforcement  of  natural  and  synthetic  rubbers. 
It  was  thought,  for  example,  that  if  some  means  could  be 
found,  either  by  compounding  or  by  chemical  modification, 
to  achieve  improvement  in  silicone  rubbers  by  reinforce- 
ment, as  is  done  when  carbon  black  is  added  to  other  rub- 
bers, silicone  rubbers  could  be  used  for  many  more  mili- 
tary applications.  It  was  thought  desirable,  too,  that 
this  reinforcement  should  be  obtained  without  sacrifice 
of  the  high-  and  low-temperature  properties  inherent  in 
silicone  rubber. 

Two  successive  contracts  were  entered  into  by  the 
Office  of  The  Quartermaster  General  to  achieve  these  ends. 
They  were  "Development  of  Silicone  Rubbers  for  Use  at 
Temperatures  down  to  -100°F," , U.S.  Government  Contract 
W44-109-qm-2l6l  (Final  Report  submitted  March  1,  1950); 
and  DA44-109-qm-64,  of  the  same  title,  of  which  this  is 
the  final  report,  (submitted  September  1,  1953)* 

The  specific  assignments  made  under  Contract  WMt- 109-qm- 
2161  and  under  Contract  Dy'll4-i09-e!ii-61f  and  in  the  subsequent 
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amendments  are  given  at  the  close  of  this  Introduction. 
Since  the  objectives  of  the  two  contracts  were  broadly 
the  same,  the  present  report  can  be  considered  a summary 
of  both.  For  the  convenience  of  the  reader  who  may  wish 
to  refer  to  earlier  progress  reports  for  details,  the 
following  table  of  references  is  given* 

Report  Referred  to 

Contract  jfOj,  Date  Submitted  Herein  a. s. 

VM~109-qm-2l6l  7/15A9 

" 3/1/50 

DA44-109-qm-64  5/1/50 

" 3/25/50 


1 

2 


12/11/50 

4/18/51 

3/28/51 

9/28/51 

1/15/52 

5/8/52 

6/5/52 

11/18/52 

3/13/53 

9/1/53 


7 
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10 

11 

12 
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14  This  Report 


At  the  beginning  of  the  studies  under  Contract  V/44- 
109-qm-2l6l  and  also  under  Contract  DA44-109-qm-64  in  late 
1948  and  1949  respectively,  it  was  logically  decided  that 
the  greatly  needed  reinforcement  of  silicone  rubber  should 
be  sought  by  finding  the  effects  of 

1.  Particle  size 

2.  Particle  shape 

3.  Particle  surface 


a.  Extent  of  surface 

b.  Nature  of  surface 
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4.  Nature  of  the  rubber -pigment  bond 
These  variables  have  been  kept  in  mind  throughout 
the  i/ork,  even  though  this  original  scope  was  greatly 
broadened  as  promising  leads  developed.  After  the  first 
year  of  work,  during  ;rtiich  a systematic  investigation  of 
the  above  factors  was  carried  out,  it  appeared  advisable 
to  supplement  this  mode  of  attack  with  an  Edisonian 
approach  in  which  any  and  all  feasible  reinforcing  agents 
for  silicone  rubber  were  given  at  least  cursory  testing. 
This  approach,  being  moderately  successful,  has  been 
followed  throughout  the  course  of  the  work , and  has  perhaps 
met  with  greater  success  than  the  systematic  unraveling 
of  the  mysteries  of  reinforcement.  These  cannot  yet  be 
clearly  defined  or  explained.  There  is  today  ( 1953)  a 
much  greater  possibility  of  their  being  solved  than  there 
was  in  1948  or  1949  because  of  the  greater  knowledge  of 
the  polymer  itself,  of  the  degree  of  reinforcement  possible 
with  various  pigments,  of  the  improved  methods  for  study- 
ing reinforcement  such  as  by  swelling  studies,  and  also 
because  more  uniform,  clean  polymer  is  readily  available 
in  a variety  of  molecular-weight  ranges. 

Since  silicone  rubber  contains  no  complicating  double 
bonds  and  practically  no  impurities  and  since  it  con  be 
vulcanized  with  a small  amount  of  a single  agent,  it  is 
the  ideal  system  for  studying  both  reinforcement  and  vul- 
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ization.  In  this  work,  vulcanization  with  benzoyl  peroxide 
has  boon  investigated  by  swolling  studies  in  the  absonce 
of  complications  by  reinforcing  agents.  It  has  only 
recontly  occurred  to  us  that  it  should  be  possible  to  3tudy 
reinforcement  without  the  complications  of  vulcanization 
by e xanining  the  properties  of  silicone  rubber  compounded 
with  DuPont  Hydrophobic  Silica,  by  using  only  sufficient 
hoat  and  pressure  to  form  test  pieces.  This  silica  possesses 
the  property  of  vulcanizing  as  well  as  reinforcing  silicone 
rubber,  but  the  vulcanizing  proporty  can  bo  minimized  by 
pressing  at  tempo ratures  below  300°p. 

When  the  work  as  started,  the  only  raw  polymer  avail- 
able on  the  market  was  General  Electric’s  9979G  (later 
culled  SE-79)#  About  seventy- five  different  pigments  wore 
tried  as  reinforcing  agents  in  this  rubber.  Early  in 
1951,  General  Electric  nude  available  their  81176  or 
SE-76  rubber.  The  ease  of  compounding  and  superior  tost 
values  obtained  with  this  gum  made  it  advisable  to  change 
at  once  to  this  product  for  reinforcement  studies.  In 
general,  pigments  which  reinforced  SE-79  also  reinforced 
SE-76,  so  little  duplication  was  necessary.  All  newor 
pigments  have  been  tested  in  the  newer  rubber#  SE-76 
is  more  comparable  to  most  other  elastomers  in  that  it 
is  soluble  in  solvents  and  is  not  cross-linked  appreciably. 
In  this  respect,  it  differs  from  SE-79  which c annot  bo 
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dissolved  unless  depolymerized  uith  acids.  The  greater 
degree  of  similarity  of  3”-76  to  other  types  of  rubber, 
and  the  better  results  obtained  vith  it,  probably  make 
the  most  recent  portion  of  the  contractual  vork  of  greater 
value  than  that  carried  out  on  the  cross-linked  CC-79 
v/hich  appears  to  be  superseded  by  the  non-cross-linked 
types . 


1.  Conduct  a series  of  fundamental  studies  on  the  re- 
inforcement of  rubber  by  the  treatment  of  currently 
available  rubber  carbon  blacks  and  other  reinforcing 
pigments  to  make  them  compatible  with  silicone-type 
polymers . 

2.  The  selection  and  development  of  a catalytic  con- 
densing composition  that  will  work  on  the  pigment - 
reinforeod  system  referred  to  in  (1)  above. 

3.  Modification  of  the  fundamental  characteristics  of 
the  present  polymer  so  as  to  produce  greater  chain 
length  and  the  modified  cross-linkages  necessary 
for  greater  strength. 

Taken  from  Modification  "C"  of  Contract  0A44-109-qm-64, 
dated  October  4,  1950 

4.  Pursue  new  developments  on  the  liquefaction  of  sili- 
cone rubbers  by  the  use  of  anhydrous  acids  and  their 
repolymerization  after  adding  fillers. 

5.  Obtain  improved  polymers  of  silicone,  particularly 
by  t he  utilization  of  the  hydrolysis  of  the  alkyl- 
chlorosilanes  with  a combination  of  water  and  al- 
cohols of  various  types, 

6.  Study  new  methods  of  cross-linking  to  produce 


better  silicone  polymers 
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7.  Continue  the  study,  development  and  test  of  methods 
to  improve  the  reinforcement  of  silicone  rubber  and 
the  polymer  itself  to  obtain  desired  low -temperature 
character! sties . 

Taken  from  Modification  "3"  of  Contract  DA44-109-qm-64, 
dated  September  81,  1951 

8.  Study  extensively  methods  of  silicone  vulcanization, 
including  types  of  vulcanizing  agents.  Vulcanizing 
agents  other  than  Pb02  should  be  investigated, 

9.  Investigate,  in  detail,  surface  effects  of  pigments, 
with  particular  emphasis  on  pH  relation  to  physical 
properties , 

10,  Introduce  reactive  groups  at  high  temperatures  in 
air  and  in  the  presence  of  chemical  oxidizers  such 
as  chronutes,  permanganates,  etc, 

11,  Follow  any  practical  and  special  applications  which 
show  promise,  growing  out  of  the  contract,  at  least 
to  the  point  of  proving  whether  the  / are  of  value 


or  not 
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CONTRACT  \ f- : 4-10 9-qm- 216 1 
Reinforcement  of_  j31v^22 

The  program  which  was  followed  under  the  above  con- 
tract has  been  givn  on  pope  3 of  the  Introduction  of 
this  report.  As  pointed  out  there,  approximately  seventy- 
five  different  pigments  were  tried  as  re.i  nforcing  agents 
for  the  only  silicone  rubber  commercially  available  at 
that  tine,  known  as  General  ’.lect.ric  Gilicone  Rubber 
9979G.  This  is  now  called  SR -79 . 

When  S3-79  is  received,  it  is  a crumbly,  facticelike 
material.  It  is  evidently  partially  cross-linked,  which 
accounts  for  its  crumbly  nature.  SR-79  is  a polymer  of 
dimethyldichlorosilana  which  i3  first  hydrolyzod  to  produce 
the  silanol  which  immediately  condenses  to  form  linear 
or  cyclic  liquid  polymers.  Tinder  the  influence  of  catalysts, 
these  liquid  polymers  arc  then  condensed  further  to  form 
the  ru'obr-r.  Traces  of  the  nonomethyltrichlororilane , if 
present,  tend  to  result  in  three-dimensional  or  cross- 
linked  polymers,  and  traces  of  trimethylMonochlorosi lane  , 
if  present,  function  as  chain  stoppers,  by  varying  the 
amounts  of  those  mono-  and  tri -functional  ingredients, 
the  characteristics  of  the  dimethyl  silicone  rubber  may 
be  varied.  In  the  case  of  JR-79»  it  is  understood  that 
the  catalyst  used  is  hydrated  ferric  chloride,  and  the 
polymer  contains  traces  of  iron. 
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When  placed  on  the  mill,  SE-79  smooths  out  in 
approximately  the  same  manner  as  factice.  If  benzoyl 
peroxide  is  added  and  the  compound  cured,  it  assumes  the 
form  of  the  mold,  but  it  is  found  that  physical  tests 
are  very  lo\:--approximately  10  p.s.i.  tensile  strength 
and  100  percent  elongation.  Silicone  rubber  is  an  extreme 
example  of  a synthetic  rubber  which  requires  reinforcement. 

The  basic  recipe  established  at  this  time  consisted 
of  100  parts  of  General  Electric  Silicone  Gum  3E-79  and 
two  parts  of  Luperco  .5  (95$  benzoyl  peroxide  coated  with 
stearic  acid).  It  had  also  been  decided  that  25  parts  of 
filler  by  volume  was  a desirable  standard  loading  to  be 
tried  first  with  all  fillers.  In  some  of  the  earliest 
work,  one  part  of  lead  oxide  was  included  as  a curing  aid. 
This  was  soon  discontinued  on  the  advice  of  General 
Electric  chemists,  since  it  apparently  served  no  useful 
purpose. 

The  mixing  procedure  ^as  as  follows: 

Twenty-five  grams  of  rubber  was  placed  on  cold  , 
tightly  set  rolls  of  a 6"  x 12"  Thropp  laboratory  mill. 

The  front  roll  rotated  at  the  rate  of  16  r.p.m.  and  the 
back  roll  at  23  r.p.m,  (With  the  start  of  compounding 
of  SE-76  in  1951,  roll  speeds  were  increased  to  36  and  44 
r.p.m.)  As  soon  as  the  rubber  had  smoothed  out  on  the 
rolls,  the  filler  was  added  gradually  until  it  was  all 
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incorporated  and  then  the  benzoyl  peroxide  was  added. 

This  tight  milling  or  refining  was  then  continued  until 
a small  hall  of  stock  could  be  formed  in  the  fingers 
without  shewing  laminations. 

Compounds  were  next  cured  in  a press  at  220°F.  for 
15  minutes,  the  mold  being  cold  uhen  placed  in  the  press 
and  cooled  to  room  temperature  before  removal.  An  oven 
curing  cycle  starting  at  room  temperature  and  reaching 
4lO°F.  at  the  end  of  42  hours  was  adopted.  A gradually 
rising  temperature  tends  to  eliminate  blowing  or  blister- 
ing which  may  occur  if  the  temperature  is  raised  too 
rapidly,  especially  in  the  presence  of  lou-molccular-wcight 
rubber  or  silicone  oils  or  in  the  presence  of  high  percen- 
tages of  benzoyl  peroxide.  It  is  common  practice  in  the 
industry  to  raise  oven  curing  temperatures  slowly  if  the 
part  being  cured  has  a thickness  of  more  than  approximately 
1/8  inch, 

A recipe  consisting  of  100  parts  of  iS-79  gum,  75 
parts  of  titanium  dioxide  and  100  parts  of  Celite  505  plus 
2 percent  benzoyl  peroxide  gave  the  following  tests  on 
three  successive  batches. 
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In  the  final  report  on  the  first  contract,  data  were 
reported  on  some  thirty  fillers  which  had  been  tried  in 
S^-79  rubber.  T'.ble  I Rives  the  name  of  the  pigment,  its 
manufacturer  and  physical  data  supplied  by  the  manufacturer 
of  the  pigment.  A wide  variety  of  pigments  was  included. 

Table  II  shows  the  results  obtained  with  these  pigments 
at  a volume  loading  of  25  volumes  of  pigment  per  hundred 
of  rubber.  One  of  the  smallest  particle  size  fillers 
tried  at  this  time  ' 'as  Alon,  and  it  was  found  that  tensile 
strengths  as  high  as  400  p.s.i.  and  an  elongation  of  212 
percent  could  be.  obtained  with  this  material.  Alon,  about 
which  more  will  be  said  later  in  the  report,  was  definitely 
an  experimental  product  of  the  G.  L.  Cabot  Company  and 
was  at  that  time,  and  still  is,  very  expensive,  A more 
common  and  economical  material,  Cclitc  505 » also  appeared 
of  interest.  It  is  a much  coarser  product  than  Alon  and 
is  a ground,  calcined,  diatomaceous  earth.  It  is  widely 
used  in  silicone  rubber  compounding,  probably  because  it 
can  be  used  in  large  quantities  ^/ithout  creating  excessive 
hardness.  Part  of  its  value  undoubtedly  lies  in  the  fact 
that  it  is  porous  and  forms  a good  mechanical  bond  ”ith 
the  rubber. 

It  is  of  interest  to  note  that  a very  fine  carbon 
black,  Micronex  1/6,  gave  results  vjiiich  were  definitely 
inferior  to  those  obtained  with  Alon, 
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STUDIES.  OF  PIGlfiNTSj.  AS^raV^Dj.  AT  VIABLE.  LOADING 


Volumes  Weight 
Pigment  Pigment 


Compound  Per  100 

Per  100 
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1205 

4.0 

15.6 

25 

26 

175 

1206 

5.3 

21.0 

28 

48 

175 

1160 

10.0 

39.2 

30 

112 

200 

1161 

20.0 

78.5 

52 

228 

16  2£ 

1121 

25.0 

97.5 

5p 

308 

300 

1195 

25.0 

97.5 

64 

397 

212 

1162 

25.0 

97.5 

60 

245 

1373 

1195 

25.5 

100 

No  Cure 

•m 

1162 

30.0 

117 

87 

332 

50 

1163 

40.0 

157 

No  Cure 

Dicalite 

1090 

25 

61 

40 

133 

150 

PS 

1057 

4l 

100 

59 

428 

100 

1171 

61 

150 

69 

?9 1 

723 

Hi-Sil 

1172 

10 

21.4 

24 

58 

2 75 

1173 

20 

42.3 

44 

145 

150 

1073 

25 

53.5 

62 

240 

125 

25 

53.5 

62 

193 

11 23 

25 

53.5 

54 

102 

100 

1174 

3° 

64.2 

6l 

145 

75 

1175 

40 

05.6 

No  Cure 

— 

Silica 

1071 

25 

67 

37 

105 

I62i 

1240 

25 

67 

37 

23 

150 

25 

67 

32 

89 

175 

1170 

56 

150 

50 

216 

100 

AZO-ZZZ-55 

1061 

16.4 

100 

32 

14-4 

225 

1101 

25 

152 

38 

151 

1873 

25 

152 

39 

88 

125 

Proto:: 

1062 

16.7 

100 

28 

184 

5123 

:z:-i66 

1102 

25 

151 

37 

126 

212 

25 

151 

32 

95 

2873 

I 
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Some  of  the  fillers  which  gave  the  highest  results 
in  Table  II  were  compounded  further  at  several  volume 
loadings  (Table  III).  In  this  way,  it  was  found  that 
Celite,  for  example,  could  be  used  to  obtain  550  p.s.i, 
tensile  strength  at  a volume  loading  of  65.  Except  for 
Alon,  as  mentioned  above,  none  of  the  other  fillers  ap- 
peared to  be  as  useful  as  Celite  505. 

Modification  of  Surface  of  Fillers 

Investigation  of  the  nature  of  the  particle  surface 
was  the  next  part  of  the  program  that  ’-as  studied.  It 
was  suggested  by  Mr.  peter  King  of  the  Naval  Research 
Laboratories  that  ve  do  a thorough  job  of  heat -cleaning 
the  surface  of  some  of  the  pigments  in  order  to  remove 
volatile  or  adsorbed  gases  from  the  surface  of  the  filler. 
In  order  to  do  this,  arrangements  were  made  to  heat  and 
apply  vacuum  to  the  fillers.  The  various  treatments  used 
are  listed  below, 

1,  Keating  to  400°C.  in  air 

2,  Heating  to  1000°C.  at.oOOl  mm,  pressure 

3,  Heating  to  400°C.,  allowing  to  cool  in  air, 
then  admitting  dimcthyldichlorosilnne  vapor, 
followed  by  admitting  water  vapor  to  form  a 
silicone  coating 

4,  Heating  to  1000°C,  and  coating,  as  above 

5,  Heating  to  400°C.,  followed  by  coating  with  a 
silicone  oil 


6.  He:. tins  to  400°C.  and  coating  ';ith  another 
silicone  oil 

7.  Applying  benzoyl  peroxide,  dissolved  in  benzene, 
to  filler 

With  treatments  (1)  and  (2),  it  was  hoped  to  remove 
tightly  held  ’voter  or  other  foreign  substances  from  the 
pigment  surface.  Treatments  (3)  and  (4)  were  designed 
to  deposit  a siloxane  coating  on  the  filler.  This  was 
done  by  causing  the  hydrolysis  of  dine thyldichlorosi lane 
to  occur  on  the  surface  of  the  filler.  Treatments  (5) 
and  (6)  were  carried  out  to  coat  the  out-gassed  fillers 
with  two  different  silicone  oils.  Work  reported  later 
in  this  report  shows  that  the  addition  of  silicone  oils 
to  the  surface  of  porous  fillers  does  have  an  effect  on 
the  physical  tests  obtained.  Such  was  not  the  case  in 
this  early  work.  Treatment  (7)  was  designed  to  promote 
a tighter  (cured)  bond  at  the  pigment -rubber  interface. 
Significant  improvement  in  tensile  strength  resulting 
from  out-gassing  or  from  out-gassing  plus  addition  of 
coatings  did  not  result  from  this  work.  The  fillers  that 
were  treated  were  Micronex  U6,  Silica  12.40,  Cclitc  505 
and  Ili-Sil.  These  data  are  not  reproduced  here  but  may 
be  found  in  the  Final  Progress  Report  on  Contract  1/44-109- 
qm-2l6l,  dated  Harch  1,  1950. 
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CONTRACT  DA44-109-am-64 
Reinforcement  _o_f  .SE-^S 

The  testing  of  a wide  variety  of  fillers  commonly 
used  in  the  rubber  industry  was  continued  under  the  new 
contract,  and  by  the  end  of  1950  some  fifty-five  potential 
rcinf or cine  agents  had  been  tried.  Table  IV,  taken  from 
a paper  entitled,  "Reinforcement  of  Silicone  Rubber",  by 
Glime,  Duke  and  Doede,  summarizes  all  of  this  uerk. 

Some  merit  was  done  at  this  time  in  which  mixtures  of 
fillers  were  tried  in  t he  hope  tl  -.t  one  filler  which  pro- 
vided high  tensile  might  be  combined  with  one  which  impar- 
ted high  elongation,  to  give  a high  elongation-high  tensile 
result.  This  was  not  found  to  be  the  ease. 

Through  the  cooperation  of  Yale  University  Medical 
School,  an  RCA  Model,  EMU  electron  microscope  was  made 
available,  and  electron  micrographs  wore  taken  of  twenty- 
four  of  the  fillers  used  in  the  program.  These  photomicro- 
graphs are  reproduced  on  the  following  pages. 

Before  concluding  this  portion  of  the  work,  the  method 
of  mixing  was  reviewed.  It  was  observed  that  the  more 
strongly  reinforcing  pigments,  such  as  Alon,  tend  to 
dry  up  the  batch  on  the  mill.  If  such  dry  batches' are 
given  only  a limited  milling,  they  \/ill  tend  to  be  "short", 
and  low  elongation,  tensile  and  hardness  results  will  be 


CELITE  505 
9.700X 


CELITE  505 
8.300X 


CELITE  505 
1 9,400  X 


D1CAL1TE  WHITE 
8.300X 


DICALITE  PS 
7.300X 


DICALITE  PS 
7.300X 


ELECTRON  MICROGRAPHS  OF  VARIOUS  PIGMENTS 

PLATE  1 


MICRONEX  W-6 
15.100X 


SILICA  1240 
13.500X 


HI-SIL 

26.800X 


22.800X 


RAYOX  no 
10.000X 


TITANIUM  DIOXIDE 
21.300X 

ELECTRON  MICROGRAPHS  OF  VARIOUS  PIGMENTS 

PLATE  2 
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obtained.  Hence,  it  is  necessary  to  mill  silicone  com- 
pounds until  they  arc  definitely  plastic.  1 rhcn  this 
is  done,  the  maximum  physical  properties  arc  obtained. 

As  far  as  could  be  observed,  prolonged  milling  has  no 
detrimental  effect. 

Under  optimum  conditions  of  milling,  'Ion  and  Celite 
505  could  he  made  to  give  tensile  strengths  of  bOO  p.s.i, 
with  elongations  of  100  to  20 0 percent  at  ? 5- volume 
loadings.  Heivi-r  loadings  pushed  i ensiles  to  500  and 
600  p.s.i.,  but  as  far  as  ,E-7 9 polymer  was  concerned, 
this  appeared  to  L ..  the  limit  that  could  he  obtained  by 
conventional  mixing  procedures  with  the  fillo'r.  and 
curatives  that  arc  available, 

Electrostatic  Contact  Potential  Theory  _of.  Be  inf  or  cement 

There  is  a theory  of  re- nf  orca.r  nt  called  the  Elec- 
trostatic  Contact  Potential  Theory  of  Reinforcement, 
Considerable  ^ork  has  been  done  on  this  theory  b Dr. 

R.  S.  Havcnhill  of  the  St.  Jos  nh  Lead  Company.  To  test 
the  theory  in  silicone  rubber,  nine  samples  containing 
various  pigments  v>c  c compound ad  and  submitted  to  Dr. 
Havcnhill  for  measurement  cf  the  contact  potential. 

The  data  obtained  shoved  that  there  vac  some  degree  of 
correlation  between  tensile  strength  and  contact  poten- 
tial. Because  it  is  felt  that  this  ”ork  might  profitably 
be  continued,  the  entire  section  from  Reno. t Ho.  6 on  this 
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subject  is  reproduced  below.  At  this  time,  there  was  a 
change  from  33-79  polymer  to  3E-76  polymer,  and,  as  will 
appear  in  the  following  pages,  improved  physical  tests 
were  forthcoming  immediately.  Continuation  of  the  work 
with  Dr.  Havcnhill  was  therefore  postponed,  as  preference 
was  given  to  other  aspects  of  the  program.  It  is  quite 
possible  that  further  work  with  the  contact  potential 
theory,  as  applied  to  the  reinforcement  of  silicone  rubber, 
might  provide  an  explanation  of  some  of  the  improved  re- 
inforcement that  has  bean  obtained* 

A.  Contact  Potential  Theory 

*-  M — MW  , — m»  W M WWN 

"It  has  long  been  known  that  rubber  is  electronegative 
relative  to  most  substances,  including  the  pigments  com- 
monly used  as  reinforcing  fillers.  This  suggests  that 
there  may  be  an  electrostatic  force  of  attraction  between 
the  gum  and  pigment  particles  in  a rubber  compound  which 
is  important  in  the  reinforcing  action  of  the  pigment. 

Dr,  Havcnhill  and  his  associates  at  the  3t..  Joseph  Lead 
Comp.any  have  made  a detailed  study  of  the  electrostatic 
properties  of  hydrocarbon  rubbers  and  have  found  pro- 
vocative results  to  support  an  "Electrostatic  Contact 
Potential  Theory  of  Reinforcement,"  2,3,4 

2,  Havcnhill,  1,3.,  O’Brien,  H.C.,  and  Rankin,  J.J., 

Journal  of  Applied  Physics,  l£,  731*  (1944). 

3,  Havcnhill,  R.3..  O’Brien,  II, C,,  and  Rankin,  J.J., 

Journal  of  Applied  Physics,  i£,  338  ( 191: • 

4,  Havcnhill,  R.J,,  Carlson,  L.E*. , and  Rankin,  J.J., 

Rubber  Chemistry  & Technology,  22,  477  (1949), 


18 


"If  any  two  dissimilar  substances  are  pressed  together 
and  then  released,  in  general  a positive  (/)  charge  will 
appear  on  one  and  a negative  (-)  charge  on  the  other.  For 
example,  rubber  is  electronegative  relative  to  carbon  black 
and  will  acquire  a negative  charge  when  separated  from  carbon. 
Havenhill,  therefore,  reasons  that  t he  positive  carbon  black 
should  be  attached  to  the  negative  rubber  In  a rubber  compound. 
The  positive  carbon  black  will  "neutralize"  the  negative 
rubber  to  produce  a less  negative  (more  positive)  rubber 
compound,  and  thus  the  compounded  rubber  will  become  less 
negative  as  the  reinforcement  improves.  Presumably,  the 
most  positive  pigments  should  provide  the  best  reinforcement. 
Unf ortunotely,  Dr.  Havenhill  has  bean  unable  to  develop  a 
reproducible  and  reliable  method  of  measuring  the  position 
of  pigments  in  the  eleotrostatic  series,  but  ho  has  developed 
a good  method  of  determining  the  "electronegativity"  of 
cured  rubber  compounds  by  measuring  what  he  calls  the 
"contact  potential"  of  the  rubber.  (This  term  is  not  to  be 
oonfused  with  "contact  potential"  a3  used  in  the  physics 
of  met  al s • ) 

B*  Contact  Potential  Apparatus 

"This  apparatus  consists  of  a mirror-surfaced  steel 
plunger  which  can  be  put  Into  contact  with  a cured  rubber 
sheet  and  then  separated  from  it  in  a reproducible  way. 

The  plunger,  on  separation,  is  positively  charged  and  the 
rubber  negatively  charged,  a special  electron  device 


n 

o 


>1 


$ 


3 

a 


* 

* 

>» 

.O 

fH 

a) 

T3 

u 

O 


43  -4->; 


ft! 

d 


CM 


S| 

to 


O'*  m 

d fn  d 


c 


1^: 


k 

!o 


dj^JrH  n-i; 
4d  -*  • 

n' 


4-> 

U 


d 

o| 

iH 

W 

1* 


2 


d a) 

5iH 

,oj 

:°U 

-a  d 
d OV,- 
02  ' 


l-d 

a> 

m 

o 

►o 


i 

) 

i 

I 
I 

<D  «J 

H n-l| 

•H'  * 

cn  «/> 


£l 


ts&r? 
a>  *h  o. 
E tJ  t>) 
0£j  d I 
•H  O Us| 
P^i-^CM 


UN  ro  sO  00  ON 


’ 02  43  (n 

, W)  d 4J 

•CH 
O’  h, 

o 

UN 

000 

000 

3 

8 

o 

o 

8 

df-i  rH 

w 3 

! CJ 

UN 

o 

UN 

C0 

d d O 

to 

1 r 

r»  r> 

r 

VS 

vs 

VS 

rH  p.> 

ft 

m 

J‘  UN 

Jr 

IPs 

\P. 

VPs 

IP-.  P-4 
< 

02  «H 

CU  o 

1 1 

1 

1 1 

l 

1 

1 

1 

o o 

O ON 

vs  Vs 

\£>  us 

l I 


§Q 

CVr~ 

8 

o 

i 

\ .• 


CM 

CN 

UN 

0.' 

O 

CO 

vQ 

1 — i 

o 

Us 

|H 

rH 

VO 

NO 

m 

CM 

CM 

rH 

rH 

rH  rn 

ro  O- 


UN 

CO 

o 

s 

CM 

O CM 

Q CO 

O- 

ro 

o 

vO 

O vO 

O sO 

rH 

rH 

CM 

rH 

rH 

Q 

Us  O 

UN 

Vtn 

o 

C 

O 

UN  O 

Os 

o\ 

Us 

C 

sO 

CM  CM 

rH 

rH 

rH 

r 

0 

O 

rH 

1 

UN  UN 
O CN 
UN 

I 

V 

+3  X 
•H  O 
rH  rN 

o a] 

O PC 


P 


d 

o 


•H 

CO 

I 

•H 


U. 

sO 

< 

UN 

u 

o 

sO 

r2 

c 

UN 

rH 

02 

02 

K 

02 

>1 

o 

43 

d 

O 

43 

O 

r+ 

rH 

•H 

rH 

C 

•H 

43 

rt 

u 

p4| 

d 

rH 

o 

O 

43 

02 

f-< 

•H 

4J 

rH 

•H 

P 

a. 

6H 

oj 

< 

en 

so 

rH 

ro 

CM 

C\J 

m 

Os 

§ 

OJ 

Cv 

Cv 

o 

CM 

o 

rH 

O 

O 

rH 

rH 

rH 

ri 

rH 

rH 

rH 

rH 

rH 

rH 

+3 

d 

•p 

w 

d 

f-t 

+3 

g 


'CJ 

o 

U3 

*4 

d 

.d 

a 


Iffff 

o 

s& 

CM 

r- 

Os 

O 

ro 

o 

IPs 

Vi 

•H 

; d!  o VO. 

o 

rH 

rH 

ro 

Jr 

Us 

rH 

lr\ 

O- 

90 

PC  rH  ' 

!h!  .. 

1-4 

CM 

rH 

rH 

CM 

rH 

rH 

rH 

C 

rj 

8 

o 

+3 

o 

o 

d 

-G 

+3 

r* 


TJ 

02 

_rj 

W 

d 


o 

C 


CM 

CM 

H 

rH 


\<  • 
43 
UN  O 

cv  d 

O 43 

• § 

O O 
O 

£ 8? 

H -H 

3 H 

W P 
'O 

o fi 

rH  0) 
-C 

W O 
O <H 
U 02 


■rrswr 


**Freshly  cut  surfaces,  pressed  together,  separated,  and  polarity  of  electrostatic  charge 
determined.  Host  positive  (/)  charges  have  lcn/est  number;  most  negative  (-),  the 
highest  number. 


19 


measure a the  charge  on  the  steel  plate  in  terms  of  a 
voltage  read  on  an  output  meter.  This  voltage  is  termed 
the  "contact  potential"  of  the  rubber,  since  it  is  pro- 
portional to  the  difference  in  potential  between  the 
plunger  and  the  rubber  on  break  of  contact,  A largo  con- 
tact potential  represents  a very  negative  rubber,  and, 
according  to  Havenhill' s theory,  a poorly  reinforced  one, 

A small  contact  potential,  conversely,  represents  a less 
ncgr.tiv:  compound,  and,  presumably,  a better  reinforced 
rubber, 

C . Results  on  Hydrocarbon  Rubber 

"Tensile  strength  is  related  to  contact  potential  in 
natural  rubber  and  GR-S  ’ , These  results  suggested  that 
further  study  of  Dr,  Havenhill' a ideas  might  be  fruitful 
and  that  their  application  to  silicone  rubber  reinforce- 
ment might  indeed  be  worth  investigation, 

D • Results  on  Silicone  Rubber 

"Dr,  Havenhill  offered  to  cooperate  with  The  Connec- 
ticut Hard  Rubber  Company  in  a contact  potential  study 
of  silicone  rubber  compounds.  Cured  sheets  of  silicone 
rubber  containing  a variety  of  compounds  were  prepared 
at  The  Connecticut  Hard  Rubber  Company  and  sent  to  the 
St,  Joseph  Lead  Company  for  electrostatic  investigation,- 
The  results  of  these  measurements  arc  tabulated  in  Table  V, 
"Tlie  pinna nr> n-ir-.x tuc  contact  potential  is  given 


20. 


for  each  sheet  as  well  as  the  "order  by  sheet  separation," 
The  latter  quantity  was  determined  by  measuring  the  sign 
of  the  charge  on  each  of  two  rubber  sheets,  after  first 
contacting  ancl  then  separating  the  sheets,  A series  of 
such  measurements  allows  the  sheets  to  be  arranged  in  an 
electrostatic  series  v.rith  the  more  negative  (-)  ones 
having  the  higher  numbers, 

E , Di sea ojjio n of  Jlc_su.lt _s 

"It  is  evident  from  the  data  that  there  is  a general 
correlation  between  contact  potential  and  tensile  strength, 
similar  to  that  found  for  hydrocarbon  rubbers.  The 
difference  in  tensile  strength  results  obtained  by  the 
St,  Joseph  Lead  Company  and  The  Connecticut  Hard  Rubber 
Company,  as  well  as  discrepancies  between  contact  poten- 
tial and  tensile  results,  are  quite  possibly  duo  in  part 
to  poor  dispersion  and  lack  of  uniformity  of  sample  s. 

Tests  arc  now  in  progress  on  the  improved  stocks  obtained 
by  dispcrsi.ng  the  pigment  in  the  depolyncrizod  gum. 

"These  results  .suggest  the  use  of  highly  positive 
pigments  as  the  best  reinforcing  fillers," 

Wet t Inn  Agents 

Where  carbon  black  is  a useful  reinforcing  agent 
for  carbon-chain  elastomers,  the  use  of  stearic  acid  is 
virtually  essential  to  bring  it  to  full  effectiveness, 

A popular  theory  of  the  mechanism  involved  is  that  the 


* 
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carboxyl  groups  of  the  fatty  acid  arc  strongly  adsorbed 
by  the  carbon  black  while  the  long  carbon  chains  of  the 
acid  arc  firmly  imbedded  in  the  hydrocarbon  polymer. 

Dr,  C.  A.  Ifnlkcr  had  suggested  early  in  the  work  the 
possible  value  of  making  a stearic  acid  analogue  for  sil- 
icone, An  intermediate  molecular  weight  silicone  end- 
ing in  a carboxyl  group  night  well  bo  expected  to  improve 
the  effectiveness  of  carbon  black  as  a strengthening  agent 
in  silicone  stocks. 

For  silica  fillers,  the  normally  present  hydroxyl 
end  groups  are  probably  a fortunate  circumstance,  providing 
the  best  possible  "link  of  attachment". 

The  wide  variation  in  case  of  incorporation  of  various 
fillers  indicated  corresponding  variations  in  wettability. 
The  relative  case  of  incorporating  large  amounts  of  Silica 
1240  and  many  of  the  diatorr.aceous  earths  to  give  fluid, 
well  mixed  batches  has  always  suggested  the  possibility 
of  natural  -etting  agents  being  present. 

All  of  the  work  on  heat-cleaning  and  surface  modifi- 
cation would  be  expected  to  uncover  leads  in  this  direction 
but  it  did  not.  The  ensuing  work  to  prepare  and  try  a 
stearic  acid  analogue  and  several  "stabs  in  the  dark"  for 
vetting  agents  did  not  uncover  any  obvious  and  profound 
wetting  .ff.ct  but  the  results  in  some  cases  have  never- 
theless been  useful. 
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The  same  four  pigments  which  were  used  in  the  out- 
gassing  experiments  (page  13)  were  again  used  as  fillers, 
together  with  two  per  cent  by  weight  (based  on  the  rubber) 
of  the  following  wetting  agents:  caprylic  acid,  dccanol-1, 

dodccyl  ether,  dodccylthiocster,  dccyl  mercaptan  and  Na- 
dodecyl  sulfonate.  No  improvements  in  physical  tests  wore 
observed.  The  only  effect  was  a slight  plasticizing  action 
in  some  cases. 

A first  attempt  at  a stearic  acid  analogue  was  p- 
trimcthylsilylbcnsoic  acid  which  was  synthesized  in  the 
laboratory  and  tried  in  concentrations  up  to  three  percent 
(based  on  the  rubber)  in  a Celito  505  and  in  a Cclite  505- 
titanium  dioxide  recipe.  Although  the  pigments  were  in- 
corporated soLxn/hat  more  easily,  there  •. as  scarcely  any 
effect  on  the  physical  tests. 

Another,  more  empirical  attempt  to  produce  a stearic 
acid  analogue  involved  hydrolyzing  dimcthyldichloroSilanc 
in  the  presence  of  glycolic  acid,  with  the  hope,  that  the 
glycolic  acid  would  condense  into  the  silicone  c’aain,  thus 
producing  such  a chain  with  a -OCH2COOH  end  group.  A 
description  of  the  reactions  carried  out  is  given  in  de- 
tail in  Report  JTo.  6.  A typical  one  consisted  in  reacting 
dimcthyldichlorosilana  (one  mole)  with  water  and  glycolic 
acid  (0.1  mole).  The  resulting  oil  was  condensed  to  form 
a gum  by  heating  with  potassium  hydroxide.  All  of  tho 


I 

I 


I 


G 

o 

•H  p 
-P  C 
rt  w 
to  o\ 
G ^ 
o o 

H (1,! 


co  copo  c 
cO-Holi 


CO  cr  C\KO  O O 
rOH  J Jf  O O 
i — { i— I H HjH  i — i! 


CO  U\C0  O-'rOCO 
Jr  (NO-O 


O rq 

J-J-] 


u-so’. 

CO  VfN 


Oi 


coco 
O 0\! 
CO  H 


\*<oB\ 

r'O  a 


P u P 

rto,  d 
cu  a, 


o’o  o! 


H 00  "r — I CO  H 


H CVl'mj-  c>0 

o- o c^co 

ir\vr\VMr'  irart 

H t— IJt— I HrHH 


H CO 
OOaO 
irvlrJ 
H HI 


-P  C 

o trj 

rt  I 

o • 

u O..G 
Cjp 
<D  o'.-H 
.g  o p 


G 

o A 

•H  OTH  T3 

-p  tn!  o <u 

o 6}G  V) 
d jc|<d  £> 
Q)  O 
f-4  • u 

o 'O  • 

G|.g  o|<h  S 

•H  P 0,0  U) 


vmtn 


tctO 

COCO 

vnirq 


!<H  uo 
o 


:u  o 
SC  £ 


^1”  W fl-* 

# -P  tH  *tf-P 

mJ1  n 


I ° ^ 3tT?  ® 


^ o« 
T3  rt  G 


t-  , W H « I V n W w 1 W ►41^'  I — 1 IT— 

OHUKtlJIHhOOCJIDTlIllOrtOU  O 
G -H  N >5  *y  vt!  CiErlX!  N H JO  NX  H G. 

« O -H  O O o ! F.  M P >H  O P H Ol  « CO  -H  =H 

5 | ^ u GHrt^o  u J-h  c\j  * o 

0 . /it  i"i.  nil  A <ii.  i J /it  kJ  /it  /it.  fn 


«I_m  id  O O Wild  w XS  w Wi  w 
G H a-P  O Qr^S  S fi  x 
<U'OQ-PQ>w!HXW*i>»  <tf  H 
rlnH  O (Jt!  JVliH  V(  f— I Hi  O 

N.  i ri*  n r<  n i J f_ 


h ViU  y hU  O 

a G S C G H 

O X O 'O  O -p 

'a  OH  HH  o d 

rlrl  O 3-Ht) 
H H n£  CJ*H  iH 
O •H;  (DPrlH  K 
CO  W Q O^nO 


.C  O 
rrt  P H P 
G *H  H Q> 
« ? O T3 


a a 


p.p!h  ajco 

01  H rl  O P X 

T3  WO  G «G 


X rO>i  w 
h aq  H to  td 
oGodtf 
M w G N *H 


cfl  0)  M 

> > 3 

o <*o 


lf\  o 

o" 

w 

•h  a 

p 

■HO 
*o  . 
•OH 
CO 


* 


I*  o S\ 

!•"  rN  r>i< 


. w w 

•P  f-1  P 
> W fH 
rt  a,  gj 
a.  A, 


I 

» 


\T\.H  vo'rorruh  r-ICO  ok)^i-  C'-.tkDvO  rH  IN-  rH  IN-  CO 

-kJ-J-k  ni  mxr^kFu*  J±  -±-± 


mi  °° 

* 1 

f 


CM  ^vOlL'^UNVfNrOC^^JoNCO  CNCmIOOvO  COO  O CM*  O CM  CM  I CM 

no  CM  OjrH  CM  CMji— ( i— ( r- ijf-M's  CM.J'/UnicnJ*  Unun|  \r> 


iH  rHjr— I r — I (— (,rH  i— I t — I i — I !r — I t — I i— 1|  t — I i 


(N-vO  UNjCO  tN-OOQ  CM  CO li — I EN-CNOkO\0  m CNCO  UN 

UN  UN  (N-  vO  CNOO  300  rHL>  CM  O OlrnOvO  (M  tN 

CM  rH  ,H  rH  .H  iH  r-t  rH  CM|CU  nOCV  CM  CM  fOrH  CM  CM  CM 

* I ) 


i 

Un|  vO  CM 

rH  O vO 

cm:  r-r  cm 


'll  1 j | t 

O O ojnOfH  O | no rH  OlO  O O ojo  O O O Ol  O O',  oj  O O 


^ rH  iTsflTN  f 
rH  OJ’  r 


Jt  UnvO^nO  in-!cm 

nononolnororoL± 


no  no  n"ftr\U  nUnJun 

iH  iH  rH  ;fH  »H  1H.1H 


"lUNjrH  CM 


n-t±k>  rOtN-CO'lN-  Jr  rH 
_±3-|UNNO  On  Cn*UNnO  O 

UN  UVUN UN  UN  UN*U  sICvvO 

rH  rH.rH  rH  rH  rH,rH  rH  iH 


coun] 

UNvO; 

unun! 


GWO 

UnvO 

ununJ 


IN-  00 
NO  vO 
UN  UN 


in  o 

rH  X2 

I?  43 

■P  s 

<D  O 

a £ 

f-l 

4j>  ^ 

cu  o 


c Us 

•H  T3,  ■ 

•h  © 

CM  O JO 
rH  rt  +»i 
O I 

as* 

O Vt  r 
roo 

a > s: 

OH  3 
V- • W O ' 


>■8 
I?  * 

i»  j w 

rH  Q 
O P 

jag 

>- 


H rfl  a c ^ oj 

Of-.  w c in  f!  P O nH 

ft  © *H  rt  -H  CS  S'  >-H  O o: 

ro  ro-P  in  w h in  P. 

vhc  :>>  gj  >>f-i  ; > ft  v-i  o >»  o <u 

o (U  XI  3 rH  O rH  © O in  rH  XJ  G 

1 O -P  OP  O Q) 

Gg  £ G U d H rj  GPftinrH 

O 3 O -H  TJ  p:  <y  - O Un3  O >> 

•H  W)  ft  S >-  -H  O >>  X3 

-p  [ih  cm  xi  c x:  g -p  Cue -p  -p 

O TO  H Hrfl  H O -h;  O 0) 
Ctf  © ho  © *H  © Gj  © G 

ON  *H  «rl  -G  (MOX  CM  O G-C  -rt  W 

f-l  iH  O tO  -P  rH  Gj  +J  rH  hrl-PO  ID 

ft  O)  O O fH  © 

ti  an  C flrlH  g n Iti  $H  O 

o a o o mo  oco-howoomo  k 

h Sh  NK  fj  h OlrH  fH<Mf-if4gfHa(i) 

ChH  OrlO  <JV./NO^nM!)VH  S-4  O 
o o'O'-1  o mo  mo  xj  -h  x: 

H ft>iH  >iHp  >|H  K S rH  -P  S-P4-3 
•H  O rH  KC4HrlOHrlOHrlH  3 O -H 

ots  wo  o wo'-'ciowfio  ^ a © £ 


o ilO  } 
CM  fn  Cij 
rH  -a  -H 

O o o f-t  1 

l-H  x:  N 'OJ 

:rA 

r'  ‘h  q o 

\£^  ° & I 

O o inrH  >,1 
S>HOO 
h in  ft  1 
<H  o >»  o O’ 

O inHU  c 
O Q) 
G -P  f4  «H  rH 

o un  o >» 

•H  O JZ 

+»  G,xf-P  -P 

o -h;  o o 

GJ  !o  SJ 
o GX213  in, 

f-t  fH  -P  O in 
f4  O 

l ft  !?  ft  fl  0) 

) Vt  _ Vt  O 
> S2  T-t  XI 


i & 


*?  *v 

vO  < 

VO  m 


j 


various  oils  and  gums  that  were  produced  were  then  tested 
in  the  CE-79  test  recipe  containing  Celitc  505 , 25  volumes, 
and  benzoyl  peroxide,  two  percent.  The  products  formed 
v/cre,  for  the  most  part,  tested  in  one  or  two  percent 
quantities  based  on  the  gum.  In  two  cases,  as  much  as  25 
parts  of  the  netting  agent  wore  used.  The  data  obtained 
are  shown  in  Table  VI  facing  this  page.  This  table  is 
reproduced  principally  to  demonstrate  how  gums  or  siloxanc 
oils  may  be  formed  from  dimcthyldichlorosilane  in  the 
presence  of  other  substances.  It  i3  apparent  now  that  the 
materials  should  have  been  tested  in  larger  proportions, 
possibly  without  JB-79.  In  this  way,  new  types  of  rubber 
would  have  been  tested.  As  wetting  agents,  none  of  the 
products  tested  appeared  to  have  value. 

Vulcanizing  nts 

Parallel  to  the  study  of  reinforcing  agents,  a study 
was  made  of  vulcanizing  agents  for  3E-79  rubber.  Benzoyl 
peroxide  -as  at  that  tine  the  only  recommended  curing  agent. 
It  was  found  that  there  ' as  no  benefit  to  be  derived  from 
increasing  the  concentration  of  benzoyl  peroxide  above 
two  percent,  based  on  the  rubber.  This  result,  which 
was  found  by  direct  physical  testing,  was  later  confirmed 
in  some  swelling  studies  where  the  molecular  weight 
between  cross-links  was  measured  directly. 

Other  curing  agents  were  tried,  including  tertiary 
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butyl  pcrbonzoate,  di tertiary  butyl  peroxide,  Huf  cat  nickel, 
Haney  nickel  (nickel  on  kicsclguhr — hydrogenation  catalyst 
used  commercially,  made  by  the  H.ufcrt  Chemical  Co.),  and 
p-trimethylsllylbonzoic  acid.  The  nickel  hydrogenation 
catalysts  vc  :c  tried  because  at  higher  temperatures  they 
are  also  d -.hydrogenating  catalysts.  IT  they  behaved  in 
this  way  by  dehydrogenating  the  methyl  groups,  cross-link- 
ing would  result.  Except  for  'Inn ey  nickel,  all  of  these 
products  acted  as  vulcanizing  agents  but  ell  were  inferior 
to  benzoyl  peroxide  in  development  of  tensile  strength 
and  elongation  in  the  rubber. 

It  was  known  that  selenium  dioxide  is  an  oxidizing 
agent  that  possesses  the  power  to  oxidize  selectively 
the  terminal  methyl  groups  of  organic  compounds.  It  was 
hoped  that  it  would  oxidize  the  side-chain  methyl  groups 
of  the  silicone  rubber.  It  was  found  that  selenium  dioxide 
in  a concentration  of  two  percent  (based  on  the  rubber) 
and  in  the  presence  of  25  volumes  of  Cclitc  505  would 
serve  as  a vulcanising  agent,  resulting  in  a tensile  strength 
of  184  p.s.i.,  an  elongation  of  175  percent  and  a hardness 
of  42,  Further  proof  of  the  action  of  selenium  dioxide 
was  obtained  by  reacting  it  with  a liquid  silicone,  hexa- 
mcthyldisiloxane , at  250°C,  for  five  hours.  The  oily 
product,  when  fractionated  and  examined  by  infrared 
spectroscopy,  showed  that  vulcanization  had  occurred  by 
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reaction  of  the  selenium  dioxide  with  the  methyl  side- 
chains  of  the  siloxanc . Since  selenium  dioxide  was  less 
effective  than  benzoyl  peroxide,  the  work,  was  not  carried 
further. 

Depolymerization  _of_  Silicone  Rubber 

Uith  a view  to  producing  finely  divided  pigments  in 
situ,  the  thought  occurred  that  possibly  titanium  tetra- 
chloride or  silicon  tetrachloride  might  be  miscible  with 
silicone  rubber  and  that  if  this  were  the  ease  they  could 
be  hydrolyzed  so  as  to  form  titanium  dioxide  and  silica 
in  a finely  divided  state  in  intimate  contact  with  the 
rubber.  In  starting  to  make  such  mixtures  of  33-79  gum 
i/ith  the  titanium  tetrachloride,  it  was  found  that  10 
to  20  parts  of  gum  could  be  liquefied  by  one  part  of  titans 
ium  tetrachloride  and  it  was  obvious  that  a powerful  and 
rapid  depolymerisation  was  taking  place. 

These  mixtures  of  dcpolymeriscd  rubber  and  pigments 
formed  in  situ  could  have  been  worked  up  into  silicone 
compounds  in  the  light  of  later  work.  Instead,  attention 
was  first  turned  to  the  liquefying  reaction  which  changes 
the  33-79  Gum  to  a liquid  product.  It  was  found  that 
dry  hydrogen  chloride  gas  passed  into  a flask  containing 
the  shredded  rubber  would  soften  it  gradually  until  it 
became  a viscous  liquid.  The  more  gas  used,  the  thinner 
the  liquid,  which  generally  was  carried  to  a honcylike 
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Plato  5 


Electron  Micrograph  of  Zinc  Oxide 
in  Silicone  Rubber 


Magnification  80,000  X 
Compound  No. 1479 

Composition 

Dopolymerlzed  Silicone  Gun  100*00 
AZO-ZZZ-66  Zinc  Oxide  152.00 

Benzoyl  Peroxide  7*80 


Compounding 

Tho  HC1  depolymerized  silicone  gum  was 
diluted  in  CCl,  and  mixed  with  the  pigment 
in  a Waring  Bletidor.  After  ropolymerizlng 
the  mixture  by  heating,  the  benzoyl  peroxide 
was  added  on  the  mill* 
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Plate  6 


Electron  Micrograph  of  Alon 
in  Silicone  Iiubber. 

Magnif i cation  80,000  X 

Cori pound  No.  1477 

C^njgOEition 

Dcpolyncrized  Silicone  Gun  100.00 

Alon  98.00 

Benzoyl  Peroxide  2,00 


Cor.,  pound  i up; 


The  HC1  dcpolynicrizcd  silicone  gun  ’./as  mixed  i/ith 
the  pigment  in  a Waring  Blend  or.  After  repolyraerizing 
the  mixture,  the  benzoyl  peroxide  was  added  on  the  mill. 
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Plate  7 


Electron  Micrograph  of  Hi-Sll 
in  Silicone  Rubber 

Magnification  23,000  X 

Compound  No. 147 6 


C on j os i ti on 


Depolymerized  Silicone  Gum  100*00 

Hi-Sil  53»50 

Benzoyl  Peroxide  2.20 


Compounding 

Tho  HC1  depolymeri zed  silicone  gum  was  mixed  with 
the  pi  -mont  in  a Waring  Blendor.  After  repolymerizing 
the  mixture,  the  benxoyl  peroxide  was  added  on  the  mill* 
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ELECTRON  MICROGRAPH  OF  HI-SIL  PIGMENT  IN  SILICONE  RUBBER 

23.000  X 
PLATE  7 
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consistency . 

It  was  found  the. t the  liquid  rubber  could  be  trans- 
formed back  to  solid  rubber  simply  by  allowing  the  dissolved 
acid  to  escape,  cither  by  heating  or  bj  allowing  it  to 
stand  in  air.  The  liquid  rubber  1 as  soluble  in  most 
organic  solvents,  which  v/as  not  true  of  the  cross-linked 
parent  gum.  The  liquefied  jT-79  rubber  v/as  put  to  several 
uses  which  will  be  discussed  in  detail  below.  These 
included:  a)  compounding  the  liquid  rubber  with  fillers, 

using  carbon  tetrachloride  to  dissolve  the  rubber;  b)  re- 
actions of  the  liquid  rubber  v/ith  ammonia,  glycerine, 
maleic  anhydride  and  propylene  oxide;  c)  chlorination  of 
the  side-chains  of  the  liquid  rubber  in  solution;  d)  fur- 
ther reaction  of  the  liquid  rubber  with  acetic  anhydride; 
and  a)  analysis  of  the  liquefied  rubber  to  determine 
its  nature, 

dxpeviment  s v/crc  also  conducted  with  titanium 
tetrachloride  and  vulcanized  silicone  scrap  rubber  to 
develop  a reclaiming  process. 

Reinforcement  of.  LjLjjuid  Rubbjqr 

It  wan  found  that  -./hen  the  liquid  rubber  was  dissolved 
in  a solvent  such  as  carbon  tetrachloride  and  placed  in 
a small,  high-speed  '/a  ring  hi  end  or  or  other  laboratory 
mixer,  pigments  could  be  dispersed  by  adding  then  slowly 
in  the  mixer  with  rapid  stirring.  Actually,  the  pigment 
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was  usually  dispersed  in  carbon  tetrachloride,  and  the 
liquid  rubber  was  added  last.  The  resulting  thin  paste 
was  dried  to  remove  the  carbon  tetrachloride  and,  inci- 
dentally, to  repolymer izc  the  rubber.  The  dried  compound 
was  then  placed  on  a mill,  dispersion  was  completed  and 
benzoyl  peroxide  added.  This  experiment  was  carried  out 
several  times  with  Celitc  505,  Ili-Sil,  Cclitc  jupcrfloss 
and  other  pigments.  Figure  I and  Table  VII  show  the 
improvement  in  tensile  strength  and  hardness  which  r esultcd 
in  the  ease  of  Cclitc  505  when  it  was  compounded  in 
this  way  in  liquefied  silicone  rubber  in  the  V/aring  Elcn- 
dor.  The  increase  in  tensile  strength  amounted  to  as 
much  as  seventy-five  percent.  The  on.ly  explanation  that 
has  been  offered  for  the  gain  is  that  improved  dispersion 
and  wetting  of  the  pigment  occur  when  the  mixture  is 
made  in  this  manner. 

Three  electron  micrographs  showing  Hi-511,  zinc  oxide 
and  Alon  dispersed  in  liquid  silicone  rubber  arc  shown 
in  Flatc  :I03 . 3,  *+  and  5»  Except  where  the  micrographs 
show  the  presence  of  aggregates,  it  will  be  noted  that 
the  dispersion  is  good. 

Ammonl a -Stabilized  Liquid  Silicone  Rubber 

It  was  pointed  out  above  that  the  liquid  silicone 
rubber  would  revert  to  a solid  gum  if  the  hydrogen  chloride 
gas  were  removed  by  heating  or  long  standing.  Uhen  the 
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excess  acid  was  neutralized  by  the  introduction  of  ammonia 
gas  or  ammonium  hydroxide,  the  liquid  rubber  did  not 
return  to  its  solid  form.  Instead,  it  became  a rel-  tivcly 
stable,  liquefied  silicone  rubber  which  could  be  heated 
moderately  \athout  change.  The  addition  of  acids  to  the 
ammonia-stabilized  liquid  gun  caused  a solid  rubber  to 
be  regenerated,  Mien  the  ammonia -stabilized  liquid  was 
heated  for  one  hour  at  300°?.,  it  r 'polymerized  partially 
to  form  a sticky  solid  which  had  some  adhesive  qualities. 
The  ammonia-stabilized  liquid  gum  had  the  sane  properties 
as  did  the  acid  liquid  gum  in  that  it  could  be  compounded 
with  fillers  in  carbon  tetrachloride  solution  in  the  War- 
ing Blend  or  to  yield  wcll-rcinf or  cod  compounds.  The 
ammonia-stabilized  product  was  used  as  a reactant  in  the 
sane  way  as  the  acid  gum  in  further  ’ ork. 

One  sample  of  the  ammonia -stabilized  liquid  gum  was 
carefully  -.ashed  to  remove  all  traces  of  acid,  ammonia 
or  ammonium  chloride  and  then  was  analyzed.  The  analysis 
indicated  a formula  as  follows: 

Si.44  c88  0264  ©36^)8 

A raolccv.lnT  weight  determination  on  this  product  by 
a freezing -point-lowering  determination  in  benzene  showed 
a molecular  weight  of  32C6,  which  corresponds  to  the 
above  empirical  formula.  These  results  indicate  that 
the  liquid  amnonla-stabilizcd  siloxrnc  consists  of  either 
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linear  silo::r.nos  of  medium  length  or  cyclic  siloxanes. 

The  product  is  undoubtedly  a mixture  of  such  polymers. 

It  is  very  likely  that  the  cyclic  polymers  predominate, 
thus  accounting  for  the  stability  of  the  ammonia-stabilized 
liquid  product. 

Chlorination  of  Liquid  _S_ilicqne_  Rubber 

This  phase  of  the  uork  '.as  undertaken  to  introduce 
polar  groups  lute  the  silicone  molecule,  l't  was  recognized 
that  the  lack  of  polar  groups  on  the  silicone  chain  is 
responsible  to  a large  degree  for  its  good  lov-temperature 
properties,  but  it  vas  thought  that  the  introduction 
of  a feu  such  polar  groups  might  in  some  uay  increase  the 
forces  betueen  rubber  molecules  or  betueen  rubber  and 
pigment  so  as  to  increase  tensile  strength. 

The  liquefied  silicone  rubber  offered  a method  of 
reacting  chlorine  uith  t.ie  rubber,  since  it  could  be  dis- 
solved in  a solvent  through  uhich  chlorine  could  be  passed. 
A large  number  of  chlorination  experiments  uere  carried 
out  uith  thisf  liquid  8':-79.  Chlorine  uas  passed  into 
the  solution  until  the  rubber  shoued  the  presence  of  a 
maximum  of  one  chlorine  atom  for  every  four  silicon  atoms. 
It  uas  found  that  the  polar  chlorine  atoms  uere  respon- 
sible for  an  increase  in  tensile  strength  from  approxi- 
mately 200  p.s.i.  to  600  p.s.i.  Meanuhile,  the  elonga- 
tion dropped  from  approximately  12?  percent  to  approxi- 


30 


mately  50  percent,  and  hardness  increased  fron  50  to  90. 

Not  all  of  the  qualities  of  the  chlorinate''  silicone 
rubber  ■were  favorable,  however,  because  it  w as  found  that 
at  the  higher  oven  ter.iperatur es  (300-h00°F. ) the  chlori- 
nated samples  became  hard  and  brittle  and  there  was  an 
odor  of  chlorine  around  the  oven.  This  indicates  that 
the  chlorinated  methyl  grouns  are  not  stable  at  these 
temperatures , 

A further  study  van  made  of  the  chlorination  of  GE 
9979-S  rubber,  duelling  tests  were  carried  out  in  A.3.T.M. 
Oil  No.  3 to  see  if  the  chlorinated  ramies  had  improved 
oil-resistance.  It  was  found  that  the  chlorinated  samples 
swelled  slightly  more  than  unchlorinated  silicone  rubber 
in  A.3.T.H.  Oil  No,  3.  This  vas  not  understood  at  the 
time,  but  later  work  on  the  mechanism  of  swelling  of 
silicone  rubber,  carried  out  by  I’r.  E.  L.  L'auser,  demon- 
strated that  swelling  is  dependent  primarily  on  the 
cohesive  e_ne_rgy  density  of  the  swelling  liquids  and  of 
the  rubber  itself.  Although  the  substitution,  of  chlorine 
in  the  silicone  molecule  may  be  expected  to  raise  the 
cohesive  energy  density,  it  is  apparent  that  the  cohesive 
energy  density  of  A.S.T.li.  Cil  No.  3 is  so  close  to  that 
of  the  chlorinated  rubber  that  considerable  swelling 
occurs . 

Attempts  were  made  to  cure  the  chlorinated  rubber 
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v/ith  zinc  oxide,  magnesium  oxide  and  litharge.  Cures 
uere  obtained  but  the  tensile  strengths ’.'ere  inferior  to 
those  obtained  uith  benzoyl  pero;cide,  and  this  avenue 
v/as  not  pursY’.ed  further. 

It  vac  demonstrated  and  reported  herein  that  the 
SE-76  rubber  could  be  easily  chlorinated.  The  chlorinated 
Td-76  rubber  shoued  improved  tensile  strength,  loner 
elongation  and  higher  hardness  than  had  been  observed 
v/ith  3C-79.  This  method  of  modifying  silicone  rubber  in 
order  to  improve  its  strength  uas  abandoned  at  this  tine 
and  later  resumed  under  another  government  contract,  HOas 
51-766-c.  Study  under  the  latter  contract  has  revealed 
that  chlorinated  silicone  rubber  is  definitely  more  resis- 
tant to  aromatic  fuel  than  the  unchlorinated  rubber. 

There  is  a good,  probability  that  chlorinated  silicone 
rubber  Y/ill  Irnve  some  practical  application. 

Reaction  of  Liquid  Silicone  Rjubjb er, uijth.  tllXcer.ol_^  Propy- 
lene Oxide,  Maleic  Anhydride: 

The  reactions  discussed  here  were  actually  a con- 
tinuation of  the  attempt  to  prepare  a stearic  acid  ana- 
logue mentioned  earlier,  but  the  uork  was  also  pursued 
Y/ith  the  thought  that  some  of  these  modifications  might 
improve  the  inherent  strength  or  change  the  behavior  of 
the  rubber  toward  reinforcing  agents. 

The  most  interesting  was  a reaction  product  of  the 
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liquefied  guru  with  glycerol.  The  two  materials  were 
heated  together,  at  a gradually  rising  temperature,  up 
to  130°C.,  at  which  point  all  of  the  acid  fumes  had  been 
evolved.  This  mixture  would  solidify  upon  cooling  to 
form  a repolymerized  product  containing  approximately 
ten  percent  glycerol.  If  the  reaction  were  carried  out 
in  the  presence  of  carbon  tetrachloride  as  a solvent 
and  also  in  the  presence  of  a water  layer,  the  final  pro- 
duct was  a viscous,  colorless,  stable  liquid.  It  appears 
that  sufficient  glycerol  reacts  with  the  depolymer ized 
rubber  to  replace  chlorine  end  groups  with  glycerol  end 
groups,  and  that  this  permanently  stabilizes  the  liquid 
rubber.  This  product  was  called  G-2  and  as  made  later 
in  considerable  quantities  for  use  in  the  production  of 
diaphragms  of  silicone  rubber.  It  was  found  that  treat- 
ing the  glass  fabric  of  such  diaphragms  with  G-2  before 
applying  the  silicone  rubber  greatly  improved  the  flex 
life  of  the  final  product. 

Tests  were  carried  out  uhich  r evealed  that  as  much 
as  five  percent  of  the  G-2  product  in  the  standard  sili- 
cone test  formula  had  a plasticizing  action  on  the  product, 
lowering  tensile  strength  slightly,  raising  elongr.tion 
and  lowering  hardness.  It  was  thought  at  this  time  that 
G-2  was  a permanent  liquid,  but  Inter  tests  showed  that 
at  a sufficiently  high  temperature  it  would  harden  and 
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form  a rubbery  gum  on  glass  fibers. 

In  the  case  of  propylene  oxide,  it  wa.s  expected  that 
this  material  would  pic1.:  up  free  hydrogen  chloride  to 
form  the  chlorhydrin  which  would  evaporate  off,  thus 
regenerating  the  gum.  It  was  found  that  this  did  occur, 
and  the  resultixig  gum  products  were  tested.  The  average 
product  produced  in  this  worl:  had  a tensile  strength  of 
400  p,:;.i.,  an  elongation  of  1 7:>  percent  and  a hardness 
of  52,  indicating  that  the  original  properties  of  the 
gum  had  been  adequately  restored. 

Maleic  anhydride  was  heated  with  depolymerized  G3 
9979G  gum  for  30  to  40  minutes  at  100°C.  Pale  yellow 
gums  resulted  which,  after  being  washed  to  remove  excess 
maleie  acid,  were  compounded  with  P?  volumes  of  Cclite 
505  and  two  percent  benzoyl  peroxide  in  the  usual  way. 
Results  of  physical  tests  were  not  greatly  different  from 
those  of  the  control,  indicating  that  although  a small 
amount  of  maleic  anhydride  may  have  reacted  with  the  dc- 
polyraerized  rubber,  it  had  no  appreciable  effect  on  the 
nature  of  the  rubber, 

FurtyFjq  Studies  of  bepolymerization  ^and.  jtoljgnejq  Modification 

The  above  foxir  paragraphs  describe  reactions  of  liquid 
silicone  rubber  :1th  various  substances.  It  was  apparent 
that  none  of  the  products  of  these  reactions  contained 
very  much  of  the  reacting  substance.  Since  reaction  had 
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undoubtedly  taken  place,  it  was  felt  that  this  was  due 
to  a lack  of  sufficient  end  groups  on  the  liquid  silicone 
rubber.  Determination  of  chlorine  in  several  samples 
of  liquid  silicone  rubber  showed  chlorine  contents  ranging 
from  O.36  to  0,98  percent.  Assuming  that  there  is  a 
chlorine  atom  on  half  of  the  end  groups,  the  calculated 
molecular  weight  of  the  depolymer ized  silicone  rubber  runs 
from  20,000  to  7,000.  Molecular  weight  determinations 
by  the  freezing  point  depression  of  benzene  varied  from 
2,800  to  1,100.  This  indicates  that  the  hydrogen  chloride 
transfers  from  one  molecule  to  another,  splitting  the 
chain  as  it  does  so,  and  th'.t  some  of  the  chain  ends 
join  up  to  form  cyclic,  len; -mo  locular -weight  polymers. 

The  latter,  of  course,  would  be  relatively  unreactive  to 
agents  such  as  ammonia,  glycerol,  propylene  oxide  and 
maleic  anhydride.  For  this  .reason,  a thorough  study  of 
polymer  modification  was  undertaken.  The  account  of  this 
study  is  copied  below  from  Report  Ho,  9.  It  was  found 
that  depolymerization  should  be  carried  out  in  the  presence 
of  a substance  such  as  an  anhydride  in  addition  to  the 
acid  catalyst  in  order  to  prevent  ring  formation. 

"Three  possible  ways  in  which  the  silicone  skeleton 
could  be  altered  to  produce  modified  polymers  have  been 
studied: 

(a)  Oxidation  of  side  chains 
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Oxidation  of  Depolymerizcd  Gum 
Oxidant 

Run  Silicone  Material  Used Reaction  Time  Temp » Results 


3. 


4. 


5. 


50g  HCl  depolym. 
9979-G 

Aqueous 
KMnOh. 
28. 4g 

5.75  hrs . 

50-  Chlorine 
60°C.  liberated. 

lOOg  HCl  depolym. 
9979-G 

Aq  KMnOk 
2o.4g 

4.25  hrs. at 
5.0  hrs. 

50-60°  Chlorine 
100°  liberated. 

Only  part 
of  the  oxidant 
used . 

37. lg  HCl  depolym 
99.79-G 

. 20g  Cr03 
in  12  ml 
HoO  & 32 
ml  HCAc 

10  hrs. 

112°  Only  the 
first  5ml 
of  oxidant  re- 
acted,probably 
due  to  Cl. 

100 g Methanol- 
stabilized  oil. 
(HCl  gum  reacted 
with  MeOH) 

50g 

Pb(0Ac)lf 

13  hrs. 

120-  All  the 
140°  Pb(OAc).  was 
consumed  as 
shown  by  a nog, 
st arch -iodide 
test,  but  no 
apparent  vis- 
cosity increase 
occurred. 

lOOg  of 
Methanol- 
stabilized  oil. 
(same  as  in  Run 

81. 3g 
Pb02 

4 hr3.  at 
7 hrs.  at 

l40°  No  reaction. 
190-  Not  even  the 
210°  first  8,g 
of  oxidant  add- 
ed war.  consumed 
(positive 

starch-iodide 

test) 
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(b)  More  thorough  de polymerization  of  silicone  chains 

(c)  Attempts  to  form  a Grignard  derivative  through 
the  chlorine-substituted  side  chain 

"Items  (a)  and  (c)  were  not  studied  extensively, 
while  (b)  was,  As  far  as  depolymerization  is  concerned, 
the  groundwork  has  now  been  laid  for  a program  wherein 
short  silicone  chains  oi‘  average  molecular  weight  of 
about  500  can  be  reacted  with  other  difunctional  chain- 
forming  molecules  to  make  nixed  polymers  with  properties 
quite  different  from  those  of  the  silicones  themselves. 

Side  Chain  Oxidation 

"One  point  of  attack  in  an  attempt  to  modify  the 
methyl  siloxanc  polymer  is  the  side  chain.  'Jhile  there 
are  numerous  reports  in  the  literature  that  air  at  high 
temperatures  causes  oxidation  of  siloxanes  with  replace- 
ment of  the  sice  chain  by  oxygen  and  consequent  cross- 
linking,  there  is  little  work  reported  in  the  literature 
on  the  effect  of  the  usual  chemical  oxidants.  It  was 
noted  in  earlier  work  (Report  ho.  6)  that  selenium  dioxide 
has  a curing  action,  and  hence  various  other  oxidants 
were  tried. 

"At  first,  reactions  of  depolymorizcd  gun  with  aqueous 
oxidants  were  attempted.  It  was  found  that  potassium 
permanganate  end  chromic  anhydride  have  no  effect  other 
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than  the  oxidation  of  end  group  chloride  to  chlorine. 

Two  points  then  became  apparent:  first,  if  any  oxidation 
were  to  succeed,  it  'would  have  to  be  at  a higher  temper- 
ature than  that  of  the  aqueous  oxidants  used;  and  second, 
the  gum  should  first  be  converted  to  an  intermediate  which 
would  be  much  more  stable  toward  re-polymerization  than 
the  acid -depolymer ixed  product, 

"The  methanol-stabilized  gum  with  end  r.cthoxyl 
groups  (Sec  page  39)  is  such  0 product.  T”o  oxidants 
which  nromis.d  to  be  representative  of  specific  and  non- 
specific oxidants  are  lead  tctra-acetate  and  lead  dioxide. 
The  former  reacted  "ith  the  methoxyl  oil,  but,  in  the 
process,  acetic  acid  ' as  formed.  This,  together  with 
impurities  of  acetic  acid  and  acetic  anhydride  in  the 
commercial  lead  tctra-acctate,  prevented  a high-t.emperaturc 
oxidation  (because  of  their  volatility)  and  liberated 
methanol  which  consumed  the  oxidant.  The  lack  of  increase 
in  viscosit y substantiates  this  view.  'kith  the  second 
oxidant  used,  lead  dioxide,  a high  reaction  tcnpcrr.ture 
was  obtainable  (190-210°C.) . However,  in  this  case, 
no  reaction  had  taken  place  at  the  end  of  seven  hours. 

The  conclusion  drawn  from  this  work  is  that  the  side  chain 
is  extremely  resistant  to  high-temperature,  dry  oxidation 
as  well  as  to  attack  by  the  common  aqucoiis  oxidants. 
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_D_cp  olymerizat ion  Study 

"A  second  approach  to  polymer  modification  was  that 
of  extensive  depolymerisation  and  incorporation.  It  nay 
bo renornbered  that  it  was  stated  in  the  Summary  of  Report 
Wo.  7 (see  page  32)  that  the  failure  to  modify  the  gum 
by  reaction  of  various  substances  with  the  HC1  depolymer- 
ized  gum  might  be  caused  by  a low  number  of  reactive  < nd 
groups,  or,  in  other  words,  by  an  insufficient  degree  of 
depolymerisation.  The  present  study  uas  therefore  started 
with  tuo  main  objectives:  first,  a more  effective  means 

of  depolymerization  was  to  be  found;  and  second,  these 
highly  depolymerised  products  were  to  be  evaluated  as 
intermediates  for  the  incorporation  of  hydroxyl  and  amino 
compounds.  For  the  first  objective,  it  v;as  decided  to 
use  the  freezing  point  depression  method  of  molecular  weight 
determination  as  a yardstick. 

"The  first  method  of  depolymerization  was  the  reaction 
of  acetic  anhydride  with  HCl-liquefied  gum  in  the  presence 
of  an  acid  catalyst,  such  as  ferric  chloride  ("acid" 
in  the  Lewis  sense  of  the  word).  The  over-all  reaction 
may  be  represented  as  follows: 

• 

-O-Si-O-Si-O-Si’-O-Si- 

i : -O-Si-OAc  / 

: : / Ac-O-Si-O-Si 

/ Ac-O-Ac  / Ac-O-Ac  0 

• * I 

Si-O-Ac 


/ Ac-O-Si- 


I: 

i: 


11 

ii 

D 


G 


11 

D 

0 


It  may  be  not^d  that  this  “chain-chopping"  results  in 
a depolynerized  product  with  acetate  end  groups.  Gince 
the  product  is  contaminated  with  excess  acetic  anhydride 
from  which  it  cannot  be  separated  by  chemical  means,  a 
molecular  weight  determination  cannot  be  run  directly  on 
it.  However,  a reaction  of  the  acetic  anhydride  oil  with 
methanol  produces  a methoxylatcd  oil  which  can  easily  be 
freed  of  impurities  (methanol,  methyl  acetate  and  acetic 
acid)  by  water  extraction  and  hcncc  is  ideal  for  a mole- 
cular weight  study.  The  assumption  that  the  methoxyl 
derivative  has  the  same  molecular  weight  as  the  acetic 
anhydride  precursor  is  not  valid,  since  the  acetate  end 

group  may  react  in  either  of  two  '.rays  with  methanol: 

-Hf>0 

I -O-Si-O-^C-CH^ * CH-j-O-C-CH-j  / -O-Si-OH-  — * Dimer 

; Tf  3 3 \}  3 

•o  0 

H-0-CK3 

II  -0-3i-0-C-CH^  7*  HOC-CH3  / -O-Si-OCKo 

CH3-O.-H  6 ' 0 

However,  the  maximum  increase  in  molecular  weight  would 
be  onefold.  The  molecular  weights  of  the  resulting 
methoxyl-siloxanc  mixture  ranged  from  l;-99  to  1070,  the 
lowest  values  resulting  from  the  highest  concentrations 
of  the  "chain- chopper" , acetic  anhydride.  Zcisel  methoxyl 
determinations  indicated  that  the  oils  do,  indeed,  contain 


substantial  amounts  of  methoxyl  end  groups.  The  determi- 
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nations,  however,  were  not  in  agreement  with  the  physical 
molecular  weight  values.  A typical  preparation  of  a 
methoxyl  oil  by  way  of  the  acetic  anhydride  intermediate 
oil  is  as  follows* 

"To  50  grams  of  gum  well-dcpolymorizcd  by  HC1 
treatment  is  added  10  grams  of  acetic  anhydride.  The 
mixture  is  warmed  on  a hot  plate,  and  0.2  grams  of  ferric 
chloride  is  added.  Although  too  liquid  phases  form  ini- 
tially on  mixing,  after  5 minutes  of  heating,  only  one 
phase  remains.  The  solution  darkens  and  becomes  very 
mobile.  Heating  at  the  boiling  point  is  continued  far 
two  hours.  After  cooling,  the  product  is  a clear,  mobile 
oil;  some  dark  solid  (probably  ferric  acetate)  has  settled 
to  the  bottom  of  the  flask  and  may  be  filtered  off. 

"Twenty  milliliters  of  this  acetic  anhydride  product 
is  then  mixed  with  5 0 milliliters  of  methanol.  The  mixture 
is  boiled  for  30  minutes.  After  being  cooled,  the  mixture 
is  repeatedly  extracted  with  water  to  remove  all  methanol, 
methyl  acetate,  ferric  chloride,  acetic  acid  and  acetic 
anhydride.  A clear,  mobile  oil  results  after  drying. 

MOLECULAR  WEIGHT  DETERMINATIONS  ON 

METK0XY-0IL3  FROM  ACETIC  AIIHNDRI DE -01 LS 

Run  ^AcgO  Used  MV/  Hun  ^Ac^O  Used  MW 

1 OO  499  3 30  721+ 

2 40  705  4 10  1070 

*Thc  molecular  weight  as  cnlow1'»tr>d  from  a methoxyl  deter- 
mination was  270 


l+o. 

"The  second  method  of  depolymerization  was  by  re- 
action of  the  HCl-liqucf led  gum  9979-G  directly  "ith 
methanol  in  the  presence  of  an  acidic  catalyst  (here, 
ferric  chloride).  All  of  the  reactants  were  brought 
together  in  one  phase  by  means  of  a solvent  such  as  ether 
or  carbon  tetrachloride.  The  reaction  is: 

Si-O-Si  / 2CH30H > 23i-0CH3  / HgO 

Since  v/atcr  is  a product,  it  was  thought  at  first  that 
a drying  agent  would  increase  the  extent  of  reaction. 

It  was  found,  however,  that  the  amount  of  drying  agent 
(Drierito  was  used)  had  no  effect  on  the  molecular  weight 
of  the  product,  A typical  preparation  of  these  methoxyl 
oils  is  as  follows: 

180  grams  of  HCl-dcnolymcriscd  gum  is  mixed  with  450 
milliliters  of  methanol,  1.5  liters  of  carbon  tetrachlo- 
ride is  added,  effecting  formation  of  one  plia.se.  Anhydrous 
sodium  sulfate  (76  grams)  and  1.8  grams  of  ferric  chlo- 
ride arc  added  to  give  a yellow  solution.  After  standing 
at  room  temperature  for  five  days,  the  solution  is  tho- 
roughly washed  with  water  to  remove  methanol  and  ferric 
chloride.  The  carbon  tetrachloride  solution  of  the  product 
is  dried  over  sodium  sulfate,  and  the  carbon  tetrachloride 
is  distilled  off  to  leave  175  grams  of  a mobile , colorless 
oil. 


tailed 
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MOLECULAR  1 GIGLT  DETER11I  NAT  1 0 NS  ON 
M5THANOL-DEPOLY1  vEEIZATIOrT  PRODUCTS 


Run 

Weight  of  Drier itc  (CaS0ir) 

M.W.  of  the  Pri 

1* 

25 

336 

2* 

200 

310 

3* 

400 

4* 

750 

39? 

5** 

0 

378 

— 

1750 

7 *>:■.* 



2035 

* Runs  1 through  4 v?ere  with  ^Oml  KeOH,  0.2gf.  FeCR,  20g, 
Liq.  Gun,  all  iri  100ml  dry  ether,  ->ith  the  indicated 
o.moi’.nt  ol’  Drierite, 

**  Run  5 was  made  5th  water-saturated,  ether, 

**■■■  Runs  6 and  7 (controls)  involved  the  direct  reaction  of 
HCl-lio,  gun  with  excess  MeCil  without  solvent,  acid 
cataly s t ; drying  a gent , etc. 

****Tho  molccv.lar  ’ eight  as  calculated  from  a Methoxyl 
det ermine. ti on  was  1020. 


The  reaction  involved  in  runs  si::  and.  seven  is: 

-35.-C1  r ReOH  ->  -3i-0-Me  / HC1 

t 1 

The  low  content  of  methoxyl  in  Run  no.  3 indicates  that 
cyclixation  riay  have  occurred  following  d e polymer izat Ion , 
This  would  account  for  the  presence  of  small  molecules 
containing  no  methoxyl  end  groups.  The  conversion  of  tine 
HCl-depolymerized  product  into  low-molecular-weight  neth- 
oxy  derivatives  makes  possible  a comparison  of  the  pro- 
ducts of  the  two  new  depolymerization  methods  ’nth  the 
KC1  liquid  gum.  It  is  significant  that  values  around 
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1800  have  been  obtained  in  the  past  for  the  IlCl-depolymer- 
ized  liquid  gun  without  stabilization. 

"These  tvo  depolynerization  methods  appear  to  be 
general;  that  is,  any  anhydride  should  react  with  the  gum 
in  the  presence  of  an  acid  catalyst.  The  anhydride  of  a 
dibasic  acid  (as  maleic  anhydride)  should  react  in  the 
presence  of  an  acid  catalyst  and  in  a homogeneous  system 
to  give  a polymer  of  the  type : 


That  this  was  not  effected  in  earlier  work  (Report  Ilo.  6) 
is  probably  due  to  the  failure  to  use  an  acid  catalyst  and 
to  obtain  a one -phase  system. 

Silicone  Modification 

"After  the  two  new  methods  of  depolymerization  had 
been  explored,  the  problems  of  incorporation  of  foreign 
groups  into  the  siloxane  molecule  and  repolymerization 
were  studied.  Unlike  the  methoxyl  oils  which  seen  rela- 
tively unreactive,  possibly  because  of  a paucity  of  end 
groups,  the  acetic  anhydride  products  reacted  readily  with 
hydroxyl  compounds  such  as  methanol  and  glycerol.  This 
is  in  accordance  with  theory,  v;hich  states  that  the  meth- 
oxyl  compound ^ or<~  analogous  tr  ^sterj,  rr>d  the  acetic 
anhydride  products  to  nixed  anhydrides. 

"The  reaction  with  glycerol  is  analogous  to  the 


reaction  with  methanol,  which  has  already  been  discussed. 

It  may  be  represented  as  follows: 

CHo-C»0(Mep3i0)  -C-C1I-,  / 2CK0-CH~CHP  ->  2CIUC00H  / 

J 0 n 0 J dli  OH  Oil  J 

H0C!Io“9--”CHo-0(MeSi0)  -O-CHoCH-CHoOH 
" OK  “OH 

It  is  to  be  anticipated  that  some  linear  chain  formation 
and  some  cross-linking  also  occur  through  the  , '-hydroxyl 
groups  of  the  glycerol.  The  products  formed  by  this 
reaction  of  glycerol  with  the  acetic  anhydride  oils  are 
colorless,  mobile  liquids.  They  cannot  be  transformed  to 
gums  by  ordinary  methods;  that  is,  neither  2 percent  ferric 
chloride  nor  traces  of  sulfuric  acid  mill  cause  appreciable 
polymerization  as  occurred  with  the  earlier  reactions  of 
this  kind  (P.eport  Ho.  7).  This  is  arobably  due  to  a 
preferential  reaction  of  free  hydroxyl  groups  with  the 
acidic  catalyst.  Treatment  of  the  oil  with  excessive 
amounts  of  concentrated  sulfuric  acid  followed  by  dilation 
with  water  does  result  in  gum  formation,  th:!s  probably 
being  effected  by  the  elimination  of  glycerol  groups, 

A typical  glycerol-oil  preparation  is  as  follows: 

400  grams  of  HCl-depolymerized  gum  is  placed  in  a 
liter  Krlenmeyer  flask.  To  this  is  added  1.  gram  of 
ferric  chloride  (hydrate)  and  then  20.  milliliters 
of  acetic  anhydride.  The  contents  of  the  flask  are 
heated  on  a hot  plate  with  stirring  for  a few  minutes. 
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Within  five  minutes,  20.  milliliters  of  acetic  an- 
hydride is  added.  Then  160.  milliliters  more  acetic 
anhydride  is  added  evenly  over  a period  of  ono  hour, 
and  the  mixture  is  boiled  for  one  additional  hour. 
After  the  flask  and  contents  have  cooled,  the  solu- 
tion is  filtered  to  give  a clear,  red  mobile  liquid 
(the  acetic  anhydride  product).  To  this  is  added 
200,  milliliters  of  glycerol,  which  forms  a yellow 
lower  layer.  The  mixture  is  heated  cautiously  with 
stirring  to  initiate  the  reaction,  ’.hich  proceeds 
exothermically.  In  ten  minutes,  a dark  lower  phase 
forms  with  a clear  oil  above  it.  The  mixture  is 
heated  on  a hot  plate  for  one  hour  and  is  then  allowed 
t6  cool.  The  dark,  water-soluble  lower  phase  is 
discarded.  This  probably  consists  of  glycerol  mono- 
end  di -acetates,  unreacted  glycerol  and  highly  hydrox- 
ylated  crgano-silicone  products.  The  top  phase  is 
clear;  this  is  repeatedly  water -extracted  after 
dilution  with  ether.  The  ether  solution  is  dried 
over  sodium  sulfate  and  the  ether  is  distilled  off 
to  give  a clear,  colorless  mobile  oil  (Glycerol 
Product),  390  grams  yield, 

"The  glycerol  products  can  be  condensed  by  reaction 
with  cross-linking  agents  as  diisocyanates  and  poly- 
functional chlorosilanes . The  condensation  process  is 


probably  not  as  simple  as: 
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-C-O^H  Cl'.-SirCl  Hf-O-C V C-O-Gi-O-C 

"ft  * -2HC1  * ’ ' 

since,  when  tried,  dimethyldichlorosilane  did  net  effect 

gum  formation.  Gum  formation  occurred  on  reaction  with 

phenyltrichlorosilane  and  may  follow  the  path: 

0-Si-O-CHp-CH-CH?  -0-3i-0-CK?-CI -Olio  -0-3i-0-CHp-CH-Ctf? 

■ -HO  Chi  6 6 0 0 . 

CV,C1-  ,$l'  '3i-0 

>4  o i 

0 'Cl  * Cl  0 


O-Gi-O-CHg-CH-CKp  -C-Si-O-CHp-CC-CH^  -O-Si-O-CHp-CH-CH^ 

This  mechanism  rationalizes  the  failure  to  cross-link 
with  dichlorosilanc,  fer  a dichlorosilane  would  act  as 
a chain  stopping  agent.  These  gums,  unlike  the  untreated 
glycerol  products,  may  be  cured;  however,  the  products 
are  brittle  and  weak.  By  varying  the  amount  of  phanyltri- 
chlorcsilane , one  obtains  gums  of  varying  hardness,  b'ith 
2.5  percent,  an  oil  was  obtained.  Vith  10  percent,  a 
greasy  i.iass  was  produced.  t/ith  13  to  25  percent,  hard 
gums  were  obtained.  In  a typical  run,  40.  grans  of 
glycerol  product,  pr< pared  by  the  above  procedure,  was 
reacted  with  7.5  grams  of  phenyltrichlorosilane  by  heating 
the  homogeneous  mixture  under  reflux  for  four  hours. 
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During  this  period,  hydrogen  chloride  ”as  evolved,  /it 
the  end  of  this  time,  the  liquid  ”as  cooled  and  stirred 
with  excess  water,  forming  a solid,  rubbery  but  brittle 
gum. 


"In  the  case  of  the  methoxyl  oils,  repolymerization 
is  effected  by  heating  with  2 percent  ferric  chloride. 

One  batch  of  gun  so  ''ormed  showed  exceptional  hardness  on 
curing;  hovever,  repetition  of  the  procedure  gave  a dry 
brittle  product.  Two  points  are  evident:  first,  although 
chemical  procedures  may  be  repeated  to  give  the  sane 
product,  the  purring  process  has  not  been  standardized 
and  is  subject  to  variations  in  human  judgment;  and  second, 
the  anomalous  hardness  of  the  nethoxyl  gum  v; as  probably 
due  to  a difference  in  the  degree  of  repolymerization  and 
not  to  ?.  change  in  the  basic  polymer  type, 

"Another  approach  to  polymer  modification  was  the 
reaction  of  ammonia-stabilized  liquid  gum  with  adipic 
acid  to  form  cross-links.  The  reaction  is  probably  as 
follows : 


\ ! * 
Si 


\V 

Si 


’ o 0 * 

Si  Si 

t\<  /.\ 


This  represents  an  unstable  structure  analogous  to  a beta 
diketone.  The  product,  while  it  appeared  to  be  a strong 
gum  after  the  reaction,  proceeded  to  ccpoi ynerize  slowly 
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to  give  a product  similar  in  appearance  to  the  original 
ammonia-stabilized  liquid.  The  addition  of  triethanola- 
mine failed  to  prevent  this  decomposition.  The  method  of 
preparation  of  the  adipic  acid  ammonia-stabilized  silicone 
product  is  as  follows  : 

Eleven  grams  of  adipic  acid  is  mixed  with  122. 
grams  of  ammonia -stabilized  gun  (solvent  having  been 
removed).  The  mixture  is  heated  to  2^0°C.  on  a hot 
plate  for  five  hours.  Some  of  the  adipic  acid 
sublimes  and  condenses  on  the  flask  vails  and  must 
be  scraped  off.  At  the  end  of  the  reaction  period, 
the  liquid  is  allowed  to  cool,  and  a strong  elastic 
gum  forms.  On  standing  for  a week,  this  gum  decom- 
posed to  form  an  oil.  Addition  of  nine  grams  of  tri- 
ethanolamine did  not  prevent  depolynerization. 

Formation  of  Gri&narjls 

”In  an  attempt  to  modify  the  polymer  by  introduction 
of  polar  groups,  chlorinated  81176  gum  (1  Cl  to  4 Si  atoms 
was  treated  v;ith  excess  magnesium.  There  was  no  indica- 
tion of  C-rignard  formation  except  in  one  case  ’’here  the 
polymer  separated  from  ether  solution,  indicating  cross- 
linking.  This  work  might  be  repeated  \iith  conversion  to 
the  iodo-derivative  before  attempting  to  form  the  Grigna*rd 
reagent.  It  should  be  noted,  however,  that  there  are 
reports  in  the  literature  on  the  depolymerization  of 


methyl  s-llicones  by  Grignard  reagents 


tf 
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Following  the  study  of  depolymer ization  reported  in 
the  last  feu  pages,  further  work  night  have  been  done  on 
reactions  of  the  thoroughly  depolymerized  rubber  with 
ammonia,  glycerol  and  other  reactive  substances  in  an 
effort  to  improve  the  reinforcement  of  th^  silicone  polymer. 
However,  other  interesting  and  fruitful  eicncriments  v/ere 
already  under  "ay,  which  made  it  necessary  to  curtail  this 
work . 

Reclaiming 

After  it  had  been  demonstrated  that  strongly  acidic 
substances  such  as  titanium  tetrachloride  would  liquefy 
large  quantities  of  silicone  rubber,  it  was  obvious  that 
this  should  be  tried  on  vulcanized  silicone  rubber,  as 
a method  of  reclaiming.  The  first  experiment  was  carried 
out  \/ith  silicone -coated  glass  cloth,  iilicone-glass 
cloth  gasket  scrap  was  digested  first  in  a ten  percent 
solution  of  titanium  tetrachloride  in  carbon  tetrachloride. 
The  concentration  of  titanium  tetrachloride  could  be 
reduced  to  five  percent,  but  not  as  la-;  as  one  percent. 

Upon  standing  at  room  temperature,  these  solutions  attacked 
the  silicone  rubber,  loosening  it  from  the  glass.  After 
the  disintegration  of  the  silicone  rubber,  the  glass  fiber 
was  removed  from  the  mixture.  Then  the  solution  was 
carefully  treated  with  water  to  decompose  the  titanium 
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tetrachloride , transforming  the  latter  into  titanium 
dioxide.  The  slurry  was  concentrated  to  dryness  by 
evaporation,  and  the  rubbery  mass  was  then  milled  to 
disperse  the  newly  formed  titanium  dioxide. 

Reclaim  produced  in  this  way  was  compounded  in  50:50 
mixtures  with  new  Dow  Corning  6-160  rubber.  Tensile 
strength  and  elongation  were  definitely  reduced  with  this 
much  dilution  by  reclaim,  although  introduction  of 
additional  benzoyl  ner oxide  restored  the  tensile  strength 
to  its  original  value.  It  was  evident  that  reclaim  of 
some  value  could  be  made  by  this  process.  A comparison 
of  other  reclaiming  agents  was  made  and  it  \ as  found  that 
titanium  tetrachloride  was  the  best,  followed  in  order 
by  dinethyldichlor osilane , stannic  chloride  and  silicon 
tetrachloride. 

In  order  to  evaluate  the  reclaiming  process  further, 
these  tests  were  repeated.  In  this  case,  the  scrap  for 
reclaiming  was  selected  free  of  glass  fib.er,  and  one  half 
of  the  scrap  was  reclaimed  with  titanium,  tetrachloride 
while  the  other  hall'  was  reclaimed  simply  by  grinding 
extensively  on  the  laboratory  mill.  A very  fine  powdered 
scrap  was  produced  in  this  way. 

The  two  reclaims  we re  then  compared  by  putting  each 
in  50:50  mixes  with  Dow  Corning  6-160.  It  was  found 
that  the  ground  scrap  produced  very  little  lowering  of 
the  tensile  strength  and  elongation,  as  compared  with 


those  of  the  control  compound.  The  solution  reclaim, 
on  the  other  hand,  showed  a large  reduction  in  elongation 
and  a large  increase  in  hardness.  Tensile  strength  was 
not  greatly  affected.  The  conclusion  was  drawn,  therefore, 
that  reclaim  produced  by  the  solution  process  offers  no 
advantage  over  reclaim  produced  simply  by  grinding. 

Grinding  may  not  be  feasible  on  scrap  containing  glass 
fiber  because  of  the  difficulty  of  grinding  such  a material 
and  because  the  ground  glass  in  the  product  will  have 
little  value.  It  would  seem,  however,  that  in  order  for 
the  solution  process  to  be  very  practical,  the  silicone 
content  of  the  scrap  should  be  high.  The  usual  varieties 
of  silicone-coated  glass  cloth  contain  generally  less 
than  10  percent  of  gum.  Reclaiming  this  by  the  solution 
process,  as  now  developed,  is  questionable  economy. 

Adhesives 

Another  by-product  of  the  work  on  depolymerization 
was  the  possibility  of  making  a silicone  adhesive  from  the 
ammonia- stabilized  liquid  rubber.  "hen  this  material  was 
heated  for  one  hour  at  300°F,,  a sticky  product  was  obtained 
which,  however,  had  very  little  cohesive  strength.  Upon 
getting  further  into  this  problem,  it  was  found  that 
greater  strength  in  the  adhesive  could  be  obtained  by 
blending  new  S3-76  rubber  with  silicone  oil,  and  the 
strength  could  be  enhanced  further  by  adding  small  amounts 
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of  filler  and  benzoyl  peroxide.  The  best  formulation, 
called  Adhesive  #200,  consisted  of  four  parts  of  02-76 
rubber,  six  parts  of  G.E.  9996-1000  silicone  oil,  0.17 
parts  of  Santocel  C,  1.53  parts  of  Tit an ox  RAHC  and  0.2 
parts  of  benzoyl  peroxide.  This  mixture  was  coated  on  glass 
tape  which  was  then  heated  in  an  oven  in  air  for  one  half- 
horn’  at  350 °F.  This  product  stuck  to  a wide  variety  of 
substances,  including  glass,  metal,  wood,  silicone  rubber 
and  GR-3  rubber.  It  remained  sticky  over  a temperature 
range  from  -70°  to  /400°F.  After  being  applied,  the  tape 
could  be  exposed  to  boiling  water,  air  at  -70°F,,  air  at 
480°F . , and  AST!!  Oil  ■*o.  1 at  350°F. , without  losing 
adhesive  properties.  This  work  was  partially  responsible 
for  our  entering  into  a contract  vith  the  Air  Force  on 
the  development  of  lou-temperature  adhesives  (AF33(600)- 
16213). 

Isocyanates  as^  Cross -Linking  Agents  in.  .Silicone.  Rubber 
Isocyanates  are  very  active  chemicals  in  which  the 
-NCO  groups  can  react  readily  vith  compounds  containing 
-Oil  or  -imp  groups.  Di-  or  poly-isocyanatcs  have  been 
used  to  produce  polymers  because  of  this  reactivity;  for 
example,  a diisocyanate  will  react  with  ethylene  glycol 
to  form  a long-chain  polymer.  If  glycerol  is  used  in  place 
of  ethylene  glycol,  the  polymer  ’..ill  be  three-dimensional, 
Resins  may  be  formed  by  reacting  organic  diisocyanates 
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with  siloxanes  v/hich  contain  active  hydroxyl  groups  (U.S. 
Patent  2,527,590,  1950).  In  Report  lio.  9,  the  results 
of  a study  of  the  reaction  of  mota  toluene  diisocyanate 
with  ammonia-stabilized  and  v/ith  glycerol-stabilized  liquid 
silicone  gum  wore  presented.  It  v;as  found  necessary  to 
be  sure  that  the  reactants  v/ere'free  of  moisture,  since 
water  decomposes  the  diisocyanate.  About  twenty  different 
rubbery  products  were  produced  by  allowing  the  gum  to 
react  with  5 to  25  percent  of  the  di isocyanate. 

The  product  resulting  from  the  ammonia-stabilized 
liquid  gum  was  given  special  study.  It  was  found  that 
it  could  be  milled  in  the  usual  manner  and  compounded  with 
as  much  as  50  volumes  of  Gelitc  505.  When  cured  in  a 
press  for  15  minutes  at  250°P.,  the  compounds  resulted 
in  crumbly  slabs  when  cured  either  with  or  without  benzoyl 
peroxide. 

The  glycerol-stabilized  liquid  gums  were  also  given 
special  study  and  they,  too,  were  found  to  be  capable 
of  being  milled  and  loaded  with  Celite  505  (25  volumes). 
These  compounded  gums  became  brittle  and  nonclastic  when 
heated  in  the  press,  as  above,  either  in  the  presence  or 
absence  of  benzoyl  peroxide. 

It  was  concluded  that  the  diisocyanate  reacts  with 
the  active  -NHp  or  -Oil  groups  of  ammonia-stabilized  or 
glycerol-stabilized  liquid  gum,  but  no  obviously  useful 
products  resulted. 


t 
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Reinforcement  of  S3-76  Silicone.  Rubber 

It  was  pointed  out  earlier  that  liquefying  SE-79 
rubber,  followed  by  dispersion  of  fillers  1 n it  in  carbon 
tetrachloride  solution,  resulted  in  improved  reinforcement. 
When  the  General  Electric  Company  made  available  a liquLd 
silicone  rubber,  SE-76  (originally  81176),  it  was  thought 
likely  that  improved  dispersion  of  fillers  would  be  pos- 
sible with  it, 

SE-76  gum  is  a water-white,  viscous  liquid  which 
smooths  out  on  the  nixing  rolls  immediately.  Unlike  SE- 
79 j it  is  not  cross-linked  to  any  gre.t  extent.  For  this 
reason,  it  is  soluble  in  hydrocarbons,  chlorinated  solvents 
and  methylethylketone . At  the  tine  that  this  work  ’..-as 
started,  the  exact  composition  of  3*2-76  was  not  known  to 
us.  An  infrared  examination  of  the  material  at  a later 
date  proved  that  it  is  substantially  100  percent  pure 
polymer  of  dimethyls iloxanc.  !7o  also  learned  later  that 
it  is  polymerized  in  the  presence  of  alkali  hydroxide. 
During  the  past  two  years,  it  has  been  supplied  in  various 
viscosities.  The  earlier  samples  were  quite  heavy,  and 
General  Electric  found  that  when  compounded,  the  mixtures 
were  too  stiff  for  convenient  processing.  Early  in  1952, 
therefore,  they  lowered  the  viscosity  of  the  product  to 
its  present  level,  hole cular -weight  figures  which  charac- 
terize the  degree  of  polymerization  will  be  reported  later 
in  this  report.  It  may  be  said  here  that  the  early  product 
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had  a molecular  weight  of  approximately  700,000,  and 

the  present  product  has  a molecular  weight  in  the  400,000 

range. 


Uhercao  it  v/as  extremely  difficult  to  reach  a tensile 
strength  of  500  p.s.i,  with  the  SE-79  polymer,  this  figure 
was  reached  with  t‘ne  new  rubber  with  several  pigments. 

One  tensile  figure  reporter1  in  Report  No.  8 was  1034  p.s.i. 
Results  such  as  these  were  obviously  encouraging. 

Table  XI  facing  this  page,  is  a summary  of  all  of 
tho  r xper  1 jTw>ut,s  which  were  carried  out  with  fillers  in 
SE-76  rubber.  In  m^st  oap'r,  fi  1 '•■.rs  have  been  de- 
scribed previously  in  Table  I,  Properties  of  those  not 
mentioned  in  Table  I are  described  in  Table  XII.  The  data 
selected  for  Table  XI  include  for  moot  pigments  the  results 
which  were  obtained  at  a volume  loading  which  gave  optimum 
tensile  strength  or  elongation.  For  those  fillers  which 
appeared  to  have  outstanding  properties  for  one  reason 
or  another,  additional  data  at  other  volume  loadings  arc 
also  supplied  in  this  Table. 

Pigments  tested  at  once  in  SE-76  included  A.lon, 
three  forms  of  titanium  dioxide,  two  zinc  oxides,  two 
calcium  carbonates,  a new  silica  pigment  known  as  Aerosil, 
and  others.  It  may  be  said  here  that  these  pigments  fall 
generally  into  two  classes:  those  producing  moderately 

high  tensile  strength  and  very  high  elongation,  and  those 
producing  moderately  high  tensile  strength  and  low 
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elongation. 

Those  Tillc-rs  v/hich  are  characterized  by  high 
elongation  in  silicone  rubber  include  the  following: 

Alon,  hydrated  alumina,  zinc  oxide,  Celite  3l£,  Cclite 
800,  G3199S  Silica,  Hi-3il  C,  Hi- Jil  CXV2,  Super  Multiflex 
and  Tritcarb  R , 

Those  fillers  which  are  characterized  by  low  elonga- 
tion include  Aerosil,  Celite  220,  Celite  Super  "'loss, 

Hi-Sil  52 -^‘11-4 2,  Hi-rjil,  Micalith  C- , Si-O-Litc,  Sentoccl 
C,  carbon  black  and  Mhitctox. 

Some  fillers  seem  to  fall  in  neither  class,  notably 
the  titanium  dioxides,  of  which  Ray  ox  110  and  Titanox 
RANC  are  examples. 

It  is  apparent  that  relatively  coarse  fillers,  such 
as  Celite  270,  do  not  show  a much  greater  degree  of  rein- 
forcement of  37,-76  liquid  silicone  rubber  than  that  obtained 
with  17-79,  ns  seen  in  Tables  II  and  III,  However,  very 
finely  divided  fillers,  such  as  Alon,  GS199S  Silica, 

Santocel  C and  Aerosil,  arc  benefited  by  the  use  of  the 
more  liquid  rubber  and  may  result  in  tensile  strengths 
at  least  100  percent  higher  than  those  obtained  with  the 
earlier  rubber. 

As  will  be  seen  later,  with  Alon  and  GS199S  Silica 
suitable  proportions  of  filler  make  it  possible  to  exceed 
a tensile  strength  of  1000  p.s.i.  Such  effects  are  not 
entirely  the  result  of  good  reinforcement,  since  both  Alon 

1 
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and  G3199S  Silica  affect  the  cure.  Alon  tends  to  deacti- 
vate part  of  the  benzoyl  peroxide,  thus  giving  rise  to 
high  elongation  and  therefore  high  tensile  strength 
stocks.  GS199S  Silica  possesses  the  property  of  vulcan- 
izing the  silicone  ru’bcr  in  the  absence  of  added  benzoyl 
peroxide,  ’Tien  controlled  by  lou  temperatures  of  curing, 
GS199S  Silica,  by  a combination  of  reinf  or  cement  and 
vulcanizing  activity,  can  produce  stocks  v/ith  tensile 
strengths  in  excess  of  1500  p.s.i.  and  elongations  of 
500  percent  or  greater. 

Santoccl  _C 

For  various  reasons,  the  filler  vhich  has  come  to  be 
considered  as  standard  in  33-76  compound  is  Santoccl  C. 

It  is  a silica  aerogel  uhich  is  comprised  of  very  snail 
(.01  micron)  ultimate  particles  vhich  arc  formed  in  aggre- 
gates of  3 to  5 microns  diameter.  These  aggregates  arc 
porous  and  vhon  placed  in  the  rubber  they  apparently  soak 
up  the  liquid  silicone  rubber  so  that  refilling  is  strongly 
recommended  to  overcome  the  so-called  "structure"  effect. 
After  being  remillcd,  the  compound  remains  rubbery  in- 
definitely. Dither  because  of  its  porosity  or  the  presence 
of  v/ater- soluble  impurities,  3antoccl  C imparts  very  poor 
vater-rcsistance . For  all  other  aiplications,  Santoccl 
C comounds  -arc  excellent.  Properties  of  Oantoccl  C 
arc  given  in  Tabic  Dill. 
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This  pigment  at  a 20-volumc  loading  results  in  a 
tensile  strength  of  900  p.s.i.,  and  elongation  of  300 
percent  and  a hardness  of  6l  (Table  hi).  It  falls  in  the 
class  of  low -elongation  pigments  for  silicone  rubber. 
Inasmuch  as  Gantoccl  C provides  moderately  high  tensile 
strengths  and  elongations,  it  has  been  adopted  for  use 
in  some  of  the  General  Electric  silicone  compounds  and 
has  been  recommended  by  this  company  to  those  who  wish 
to  compound  their  own  silicone  rubber. 

Fillers  which  are  of  interest  because  at  high  load- 
ings they  provide  moderate  tensile  strength  and  elongation 
without  undue  hardening  arc  zinc  oxide  (AZO-ZZZ-^G) , 
titanium  dioxide  (Rayox  110  and  Titanox  RAITC) , Ki-Sil, 

Cclitc  Super  Floss  and  Cclite  270,  ’hitetex,  Uitcarb  R 
and  Super  Multiflex,  Since  emphasis  was  placed  on  striving 
to  achieve  high  properties,  none  of  these  was  investigated 
extensively.  Much  further  study  could  be  nlaccu  on  some 
of  these,  as  well  as  others  such  as  Si-0 -Lite  and  special 
samples  of  Hi-Sil,  and  Micalith  G.  Acrosil  will  undoubtedly 
receive  considerable  attention  since  it  is  to  be  imported 
or  manufactured  by  at  least  two  companies  in  this  country, 
Acrosil  is  an  aerogel  silica  lihe  Gantoccl  C and  will 
probably  be  competitive  with  it  in  the  silicone  field. 

It  became  available  only  at  the  close  of  the  contract, 
and  not  much  could  bo  clone  • ith  it  for  lack  of  time. 

As  pointed  out  above,  Sant oc el  C was  considered  a 


58  • 

standard  or  control  pigment  for  much  of  the  remaining 
uork.  Comments  on  031993  Silica  are  reserved  for  later 
sections  of  the  report. 

Alon 

The  first  of  the  fillers  ’./hi eh  gave  outstanding  results 
was  .Ion.  Details  of  the  characteristics  of  Alon  may  be 
found  in  Table  MV.  A complicating  factor  is  the  fact 
that  Alon  tends  to  destroy  or  inactivate  a substantial 
portion  of  the  benzoyl  peroxide.  Thus  it  is  generally 
necessary  to  add  about  twice  as  much  benzoyl  peroxide  when 
Alon  is  used  as  when  other  reinforcing  pigments  are  used. 

If  this  is  net  done,  very  soft  vulcanizatcs  will  result 
and,  in  some  cases,  the  slabs  will  not  cure  at  all.  If 
they  do  cure  at  all,  long  oven  cures  or  high-temperature 
oven  cures  nay  cause  reversion.  All  of  these  difficulties 
can  be  corrected  by  adding  additional  benzoyl  peroxide. 

V/ith  low  percentages  of  benzoyl  peroxide,  very  stretchy, 
rubbery  products  arc  formed  with  elongations  as  high  as 
1200-1400  percent  and  tensile  strengths  from  800-1000 
p.s.i.  As  with  most  silicones,  long,  high-temperature 
oven  cures  reduce  tensile  strength  and  elongation,  but 
in  the  presence  of  from  three  to  five  percent  of  benzoyl 
peroxide,  tensile  strengths  of  over  900  p.s.i.  with  elonga- 
tions of  approximately  600  percent  can  be  obtained. 

Examples  of  results  obtained  with  Alon,  showing  the  effects 
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ALOILUi  SE-7  6 

(Oven  Cure  1 hr.  @ 300 °F.) 


; 

4 


Vols.  Alon 

BP 

Tensile 

Elongation  Hardness 

Stress 

per  100  SjS-7.6 

. . 

Shore  A 

£ 4.0  0/1 J* 

5 

1.4 

199 

365 

34 

1 

5 

1.6 

204 

375 

35 

5 

l.U 

152 

250 

36 

F 

5 

2.0 

171 

2 75 

34 

L 

10 

1.4 

362 

1050 

29 

10 

1.6 

462 

825 

32 

X 

10 

1.8 

465 

892 

32 

\ 

10 

2.0 

434 

742 

39 

10 

3.0 

362 

400 

41 

15 

2.0 

660 

1407 

30 

[ 

15 

3.0 

984 

1229 

32 

(Oven  Cure  8 hrs. 

Q 300°F.) 

1 

15 

2.0 

736 

1065 

27 

268 

15 

3.° 

962 

588 

37 

535 

15 

4.0 

830 

387 

42 

092 

15 

*57o 

592 

350 

48 

*“77  1 

20 

2.5 

142 

975 

25 

66 

20 

3.0 

488 

1115 

32 

166 

20 

4.0 

867 

585 

42 

510 

20 

5..0 

811 

400 

52 

CIO  1 

.1 

.1 

! 

J 

- 

)L  " 

• 

] 

L 
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of  increasing  Alon  concentrations  at  constant  amounts  of 
benzoyl  peroxide,  and  tho  effect  of  Increasing  cure  and 
benzoyl  peroxide  at  constant  loading  of  Alon  are  shown  in 
Table  XIV,  facing  this  page. 

The  unusual  result  when  a 10-volumo  loading  gives  a 
higher  elongation  and  lower  hardness  than  a 5-volumo  loading 
at  1.6  percent  of  benzoyl  ptr  oxide  is  an  indication  of  the 
side  reaction  of  Alon  with  peroxide.  It  is  corrected  by 
adding  additional  poroxido.  Underlined  percentages  of 
benxoyl  poroxido  are  those  recommended  as  sufficient  to 
produce  stable  cures.  In  cases  where  less  was  u3od,  continued 
curing  caused  reversion. 

For  a time  after  these  results  wore  obtainod  in  1951, 
the  Cabot  Company  temporarily  abandoned  tho  manufacture  of 
Alon.  More  recently,  they  have  again  become  interested  in  it, 
and  there  is  a fair  chanco  that  it  will  evontuolly  become 
commercially  available.  Alon  is  treated  with  hydrochloric 
acid  in  one  of  the  final  stagos  of  its  manufacture,  followed 
by  high-tonporature  calcining  to  drivo  off  tho  excess  acid, 
moisture  or  aluninun  chlorido.  Tho  final  pH  is  about 
As  will  appear  later,  further  calcining  drives  off  more 
acidic  materials,  and  the  filior  becomes  less  strongly 
reinforcing  (loses  modulus)  but  imparts  higher  elongations 
and  higher  tensile  strengths.  The  affinity  of  Alon  for  the 
silicone  rubber  is  evident  in  the  high  e longations  obtained. 

As  an  oxaiaplo  of  what  can  bo  accomplished  with  Alon 
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TABLE  XV 

AM3.  TESTS.  ON  ALON  RECIPES 


Recipe 

186_7_-J> 

Recipe 

2412... 

3303C 

j>pc.c. 

1 

Unaged 

.1 

Tensile, p.s.i. 
Elongation,^ 
Hardness,  shore  A 
Tear-Resistance 

769 

367 

64 

118.5 

720 

250 

52 

77 

400/min . 
100/min. 
60^5 
35/min. 

] 

1 

Aged  in  A.S.T.M.  Oil 
70  hours  @ 350°F. 

No.  1 

1 

1 

Tensile ,p.s .i. 
Elongation,;j 
Hardness 
Vol.  Change, 

448( -423) 
292(-20;.;) 
55  (-9) 
/3 

-20)i  max. 
-20Tj  max, 
-10  max, 
/10;'  max. 

1 

i 

Aged  in  Air 
24  hours  © 450°F. 

1 

j 

Tensile .p.s.i. 
P'ilongati  on, 
Hardness 

580(-25/>) 

M>7i-5W) 

72(/C) 

6lO(-l5/,) 
125  (-50)") 
S2(/24) 

-lor;  max. 
-25;>  max. 
/10  max. 

Compression  Set 
22  hours  @ 350°F. 

1 

% of  original  deflection  93 

99 

less  than  60 

1 

4 

( 

{ 

Low-Temp.  Brittleness  passes 

passes 

lovfcr  than 
-70°F. 

I 

Recipe 

1867-5 

Recipc- 

245.2.. 

SE-76 

Alon 

Benzoyl  Peroxide 

100 

(20  vol.)  73.6 

5. 

100 

(15  vol.)  49.2 
4.0 

Press  Cure 
Oven  Cure 

15  min.  C 250°F.  15 

Cycle  cure  to  480^.  24 

min,  @ 230°F. 
hrs.  C 400°F. 

y 

ii 

V 

11 

V 

5 

yr~- 

•* — - 

— - 

in  practical  silicone  recipes,  the  table  on  the  opposite 
page  shows  results  obtained  on  two  recipes  compared  with 
the  AMS  3303C  sneci.fi  cation.  These  recipes  do  not  meet 
the  specification  in  all  particular^  but  certain  points 
are  worthy  of  comment . In  the  first  place,  the  unr.ged 
tensile,  elongation  and  tear-res  is tunce  specifications 
are  far  exceeded  by  the  tv/o  Alon  recipes.  Losses  on  aging 
in  A.C.T.II,  Oil  Mo,  1 or  in  air  e;:ceed  the  allowed  per- 
centages, However,  the  properties  of  the  aged  rubber  are 
still  higher  after  aging  than  the  specification  requires 
before  aging.  These  two  recipes  contain  no  metal  oxides 
which  are  usually  added  to  impart  low  compression  set, 
and  therefore  they  do  not  meet  the  compression  set  require- 
ments, No  effort  was  made  to  r vise  these  recipes  so  that 
they  would  meet  the  specifications  in  all  respects,  since 
Alon  was  not  available  commercially. 

Effect  of  Acid  in  S~  1-76  Recipes 

An  interesting  experiment  -/as  carried  out  with  the 
addition,  of  beano ic  acid  or  stearic  acid  to  a recipe  con- 
taining 100  parts  of  SS-76,  kO  parts  of  Santocel  C and 
1,65  percent  of  benzoyl  peroxide.  The  benzoic  and  stearic 
acids  were  added  in  amounts  of  one  and  two  percent,  and 
the  samples  were  all  given  a thorough  oven  cure  of  16 
hours  at  400°F.  The  results  clearly  showed  that  these 
organic  aoidq  he vc  a permanent  softening  or  depolymerizing 
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action  during  the  curing.  They  reduce  tensile  strength, 
raise  elongation  and  lover  the  hardness.  Benzoic  acid 
v/as  less  harmful  than  stearic  acid,  probably  because  it 
is  volatilized  during  the  cure.  Two  percent  of  steer ic 
acid  reduced  tensile  strength  from  800  to  500  p.s.i.,  and 
hardness  from  b-0  to  3C . 

This  experiment  is  important  because  it  shows  clearly 
that  the  benzoic  acid,  which  is  a by-product  of  benzoyl 
peroxide  vulcanization,  has  a har  ful  effect.  Apparently, 
one  should  avoid  adding  any  acidic  material  to  silicone 
compounds.  Cue  of  the  hydrated  aluminum  oxides  supplied 
by  the  Aluminum  Company  of  America  contained  particles 
of  pigment  v/hich  were  coated  with  stearic  acid.  The  harm- 
ful effect  of  the  acid  was  noted  hare  also. 

Rate  of  Vulcanization  and  _P ost_  Curing 

An  investigation  of  the  rate  of  vulcanization  of 
silicone  rubber  compounds  ’./as  undertaken.  It  had  been  found 
in  some  earlier  :ork  that  benzoyl  peroxide  decomposes  very 
rapidly  at  a temperature  of  200°F.  This  indicates  that 
the  primary  vulcanization  reaction  of  silicone  rubber  with 
benzoyl  peroxide  takes  place  in  the  press  cu’c,  which  is 
usually  carried  out  for  15-30  minutes  at  220°F.  to  30O°F  • 

As  a matter  of  fact,  it  is  only  natural  to  oe  careless 
about  the  ti  le  and  temperature  of  press  curing  because  it 
is  the  common  impression  that  most  of  the  curing  occurs 
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PEBSS  CURING  OF  G.  B.  81223  S.TOCK 

Physical  Properties2 


Elon-  Hard 


Sam- 

ple 

No. 

Time  & Temp."- 
of. ,Pr css.  Cur_c__  _ 

Stress 
Q 200ft 

Tensile 

Strength 

P.s.i. 

gaticn 

Per- 

cent 

ness 
S hor  0 

A 

Comp. 

Sctj3_, 

A 

5 min.  rise  to  210°F. 

300 

743 

375 

34 

25.0 

B 

10  min.  rise  to 

230 °F. 

627 

764 

250 

47 

37.4 

C 

10  min.  rise  to 
/5  min.  C 230°F. 

230°F. 

652 

G42 

263 

46 

47.9 

D 

10  min.  rise  to 
/10  min.  @ 230°F, 

230°F. 

1 

679 

B39 

263 

47 

45.6 

E 

10  min.  rise  to 
/I 5 min.  @ 230°F( 

230°F. 

» 

710 

932 

250 

47 

46.2 

F 

10  min.  rise  to 
/5  min.  (3  250°F. 

250°F. 

64l 

914 

275 

55 

57.5 

G 

10  min.  rise  to 
/10  min.  Q 250°F, 

250°F. 

» 

6 75 

763 

225 

56 

56.9 

H 

10  min.  rise  to 
/I 5 min.  C 250°F, 

?50°F. 

• 

667 

758 

250 

55 

56.0 

I 

15  min.  rise  to  300°F. 
/5  min.  € 30QOF. 

715 

715 

200 

55 

56 .6 

J 

15  min.  rise  to 

300  °F. 

675 

675 

200 

55 

53.5 

/10  min.  C 300°F. 


^ Thermometer  vas  placed  in  platen  to  measure  tempera- 
tures. 

2 All  slabs,  oven-cured,  using  48-hr.  factory  cycle  up 
- to  480°F.,  before  measuring  physical  u-operties . 

3 Compression  set  according  to  A.S.T.M.  D-395-49T 
(Method  B),  22  hours  at  300°F, 


TABLE 

OVEN  CURING  OF  TITAITOX  RAiTC  STOCK1 
,.C‘-0  VpL.._v  .2.0;, ( BENZOYL  PEROXIDE).  . 


Physical  Properties 


Stress 

Sample  Time  & Temp.  @ 

No.  of  Oven  Cure  200;' 

Tensile 

Strength 

P.s .i. 

Elon- 

gation 

Percent 

Hard- 

ness 

Shore 

p 

Comp. 

A Set  # 

TA 

1 hr.C300°F.  720 

720 

200 

53 

82 

TB 

8 hrs.C300°F. 

663 

175 

55 

80 . 6 

TC 

8 hrs.C300°F.  / 
16  hr  s .v  l:-00°F . 

662 

175 

55 

6 5.5 

TD 

8 hrs.O00°F.  / 
16  hrs.C^O0?. 

607 

163 

51 

63.0 

TE 

8 hrs.C300°F.  / 

2 hrs  .i1350°F.  / 
16  hrs.Cl:OC°F.  / 
8 hrs.£480°F. 

365 

125 

52 

66.0 

TF 

8 hrs .£300°F./  . — 

2 hrs.C350°F. 

16  hrs.£h-OQ°F.  ? 

8 hrs.c480°F.  £ 

5 hrs  .C^OO-^OOx? . / 

2 hrs.C50C°F. 

600 

150 

55 

55.4 

^ress  cure  10  min.  rise  to  230°  / 15  minutes  C 230°F. 

2Compression  set  according  to  l.S.T.H.  D-395-l'9T  (liethod  13), 
22  hrs . C 300°F. 
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OVEIi  CURING  OF  GENEPxAI  ELECTRIC  81223 1 


Physical  Properties 


Stress  Tensile 

Elon- 

Hard 

2 

Sample  Time  & Temp, 

C Strength  gation 

ness- 

Comp. 

No. 

of  Oven  Cure 

200&  _ s . i . . 

£erc«nt  Shore,  A 

Set  jf 

SA 

1 hr,C300°F. 

560  865 

275 

50 

64.3 

SB 

8 hrs.C300°F. 

704  933 

225 

55 

58.3 

SC 

0 Ipn.tjW 0i:>7.  / 
16  hrs ,C400°F. 

729  786 

238 

55 

52.3 

SD 

8 hrs.C300°F.  / 
16  hrs  ,C450°F. 

658  726 

225 

52 

52.1 

SE 

8 hrs.C300°F.  / 

2 hrs.t350°F.  / 
16  hrs.£400°F.  / 
C hrs  ,C  4G0°F . 

637  699 

238 

49 

59.9 

SF 

8 hrs.C300°F.  / 

2 hrs.t350°F.  / 
3.6  hr  s.£400°F.  / 

3 hrs  .g480°F,  / 

5 hrs ,£400-500°F 
2 hrs.i'500  f. 

673  605 

. / 

213 

50 

50.3 

^Press-cure  10  min.  rise  to  230°  / 15  minutes  £ 230°F. 

p 

Compression  set  according  to  A.S.T.ti.  D-395-49T  (Method  B), 
22  hrs.  C 300OF. 
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PHYSICAL  PROPERTIES  VS.  PRESS  CURE 
G.E. 81223  SIUCONE  RUBBER  COMPOUND 
OVEN  CURE:  48  URS.  CYCLE  TO  480°F. 


PRESS  CURES 

A 5*  RISE  TO  210°F. 

C 10*  RISE  TO  830°F+5»  O 230°F 
E 10*  RISE  TO  230°F+ 15*  U 230°F 
G 10*  RISE  TO  250°F-f- 10*  O 250°F 
I 15*  RISE  TO  300°F-f  5*  Q 300°F 


LEGEND 

| TENSILE 
| ELONGATION 
| STRESS  O 200$ 

| COMPRESSION  SET  O 300°F 
| HARDNESS 


CONNECTICUT  HARD  RUBBER  COMPANY 
U.S.  GOVT.  CONTRACT  DA44-109-qm-64 


HARDNESS, SHORE  A .COMPRESSION  SET*  300*  F 


TENSILE,  PS.I.,  ELONGATION,^ 


fig.  m 
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OVEN  CURE 


PHYSICAL  PROPERTIES  VS.  OVEN  CURE 
40  VOLUMES  TITANOX  RANC  IN  G.E.8II76  GUM 

2.0%  B.P. 


*>■ 


3 


<*) 


8 


m 


OVEN  CURES 
A 1 HR  « 300°F 
B 8 HRS  U 300°F 

C 8 HRS  « 300°F  + 16  HRS  <U  400°F 

D 8 HRS  <4  300°F  + 16  HRS  O 450°F 

E 8 HRS  y 300°F+2  HRS  U 350°F 

16  HRS  W 400°F 
8 HRS  y 480° F 

F 8 HRS  v 300°F-f  2 HRS  y 350°F 

16  HRS  u 400°F 
8 HRS  w 480°F 
5 IfflS  U 400-500°F 
2 IfflS  y 5C0°F 


LEGEND 

TENSILE 

ELONGATION 

COMPRESSION  SET  O 300°F 
HARDNESS 


B 

I 


CONNECTICUT  HARD  RUBBER  COMPANY 
U.S.  GOVT.  CONTRACT  DA44-109-qm-64 
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OVEN  CURE 


PHYSICAL  PROPERTIES  VS. OVEN  CURE 
G.E. 81223  SILICONE  RUBBER  COMPOUND 

PRESS  CURE:  15'  U 230°F 


OVEN  CURES 
A 1 HR  G 300°F 
B 8 HRS  G 300°F 

C 8 HRS  Cl  300°F+  16  HRS  U 400°F 

D 8 HRS  O 300°F-+ 16  HRS  G 450°F 

E 8 HRS  ii  300°F-f  2 HRS  Q 350°F 

16  HRS  Q 400°F 
8 HRS  G 480°F 

F 8 HRS  42  300°F4-  2 HRS  y 350°F 

16  HRS  0 400°F 
8 HRS  G 480°F 
5 HRS  U 400-500°F 
2 HRS  41  50QO  F 


LEGEND 


TENSILE 


ELONGATION 


STRESS  O 200  % 
COMPRESSION  SET  Q 300°F 


HARDNESS 


CONNECTICUT  HARD  RUBBER  COMPANY 
U.S.  GOVT.  CONTRACT  DA44-l09-qm-64 
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during  the  long  oven  cure  at  temperatures  of  3°0“  - h-o©*t. 
If,  however,  the  primary  vulcanization  reaction  takes 
place  in  the  press,  greater  care  should  be  taken  with 
the  time  and  temperature  of  such  cures. 

In  order  to  prove  this  point,  a completely  mixed 
compound,  General  Lilectric  81223,  mas  divided  into  several 
portions,  each  of  v/hich  uas  given  a slightly  different 
press  cure.  After  the  press  cure,  all  slabs  were  given 
a common  oven  cure.  Another  portion  of  the  same  stock 
was  divided  into  several  portions  and  all  were  given  the 
same  press  cure  and  then  v;ere  given  progressively  longer 
oven  cures.  The  data  are  shown  in  Tables  XVI  and  XVII 
and  in  Figures  II  and  IV. 

With  regard  to  the  press  curing  study,  it  was  found 

that  a press  cure  consisting  of  a 10  minute  rise  to  230°F. 

o 

with  or  without  an  additional  5 minutes  at  230  F.,  produced 
a thoroughly  cured  vulcanizate.  In  this  study,  15  minutes 
at  230°F.  produced  the  maximum  tensile.  Curing  for  5 
minutes  at  250°F.  resulted  in  a stock  which  did  not  change 
further  as  time  or  temperature  was  raised.  It  uas  inter es 
ting  to  note  that  minimum  time  and  temperature  in  press 
gave  the  best  compression  set  resistance  and  also  resulted 
in  slightly  softer  compounds.  Since  compression  set 
resistance  is  usually  one  of  the  desired  properties  of 
silicone  rubber,  it  appears  that  press  cures  should  be 
limited  as  much  as  possible. 
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The  data  obtained  on  progressively  longer  and 
hig her-temperature  oven  cures  showed  that  the  ua;-: imum 

o 

tensile  strength  was  achieved  in  eight  hours  at  300  F. 
From  this  point  on,  the  tensile  strengths  vere  lower, 

A la/  corroression  set  v/as  reached  with  eight  hours  at 
30C°F.  plus  16  hours  at  400°?,  (This  compression  set 
test  was  run  at  3C*0°F.  It  is  likely  that  an  even  higher 
temperature  of  curing  would  be  desirable  for  compression 
sets  which  might  be  run  at  35°°F.)  Tables  and  charts 
facing  this  page  contain  the  data. 

bore  work  was  done  Later  on  the  press  curing  temper- 
ature of  81223  and  was  reported  in  Report  Ho,  13 . It  w as 
found  that  press  cures  of  10  minutes  at  210°F.  wore  as 
satisfactory  as  those  carried  out  for  10  minutes  at 
230°F.,  and  provided  slightly  better  compression  set 
resistance,  based  on  these  aria  other  data  to  be  reported 
later,  we  feel  that  there  is  no  reason  to  carry  out  pre3s 
cures  with  benzoyl  peroride  for  more  than  10  minutes  at 
210°F.,  and  this  is  our  recommended  procedure. 

Preheating  Pigments  with  dlllcone  Rubber 

An  interesting  development  which  has  practical 
significance  for  silicone  rubber  manufacturers  or  com- 
pounders was  reported  in  Report  Uo.  9 under  the  subject, 
"Preheating  Pigment  Faster  Batches".  It  will  be  recalled 
(page  59)  that  Alon  was  found  to  react  with  and  render 


Equivalent  cures  in  each  section,  underlined.  Evidence  shows  preheating  is  equivalent  in 
effect  to  an  e::tra  1 to  1.5  percent  of  benzoyl  peroxide. 
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inactive  a substantial  proportion  of  the  benzoyl  peroxide 
added  to  the  mixture.  In  one  experiment,  benzoyl  peroxide 
was  omitted,  and  the  rusher  as  mixed  with  Mon  and  heated 
before  benzoyl  peroxide  vr.s  added.  It  had  been  expected 
that  this  might  tend  to  depolynerize  the  rubber  to  some 
extent  because  of  th^  slightly  acidic  surface  of  the  Alon. 

Af  ter  the  benzoyl  peroxide  was  added  and  cures  wore  made 
and  tests  obtained,  it.  v u.  found  t’eat  a definitely  stiffer, 
stronger  compound  bad  resulted. 

Preheating  experiments  in  the  absence  of  benzoyl 
peroxide  were  tiicn  carried  out  on  a large  number  of  Alon 
mixes  and  on  mixes  containing  other  pigments.  In  the  case 
of  Alon,  It  uas  found  that  the  preheating  treatment  caused 
the  rubber  to  -’ct  the  Alon  very  thoroughly,  caused  some 
volatilization  of  low-molecular-weight  silicone  rubber 
and  generally  raised  the  modulus,  hardness  and  tensile 
strength  of  the  prch:ated  compound,  Tt  ••  as  found  that 
approximately  one  third  of  the  benzoyl  peroxide  usually 
necessary  with  .Mon  could  be  eliminated.  Data  illustrating 
this  remarkable  effect  are  shown  in  Tabic  hi..,  facing 
this  page.  It  mill  be  noted  in  this  tabic  that  as  the 
volume  loading  of  Alon  is  increased  from  5 to  20,  it  is 
necessary  to  add  more  and  more  benzoyl  peroxide.  However, 
in  the  mixtures  which  were  preheated  for  one  hour  at  300°F., 
much  less  benzoyl  peroxide  was  necessary  to  reach  a given 
state  of  cure  than  for  those  batches  which  were  not 


Pigment  and  Stress  Tensile  Elongation  Hardness 

Vol.  Loading Preheat  @ 200 % Strength  Percent  Shore  A 
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* Gum  alone  was  preheated  1 hour  at  300°?,,  then  directly  mixed  with  pigment  and  curative 


preheated 
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In  Table  IZl,  facing  this  page,  the  effect  of  the  one 
hour  at  300°F.  preheating  treatment  u )on  physical  tests 
obtained  vith  five  other  reinforcing  agents  is  shown. 

The  preheating  treatment  i.s  shown  to  have  a beneficial 
effect  as  far  as  reinforcement  is  concerned  with  Ili-Sil, 
Santocel  G,  Titanox  PARC  and  Celite  3uper  Floss,  Pith 
Uitcarb  R,  there  appeared  to  be  no  beneficial  effect. 

Summarising  the  advantages  of  this  refinement  on  the 
mixing  process,  ;t  may  be  said  that  preheating  promotes 


evaporation  of  low -molecular-weight  silicone  oils  which 
arc  of  little  value  in  the  final  product.  Preheating, 
therefore,  causes  a reduction  in  shrinkage  during  oven 
curing.  Preheating  makes  it  possible  to  reduce  the  benzoyl 
peroxide  concentration  and  results  in  higher  tensile 
strength  and  higher  modulus  stocks.  There  was  some  indi- 
cation that  preheating  resulted  in  a slight  improvement 
in  compression  set  resistance,  A study  of  different  times 
and  temperatures  of  preheating  indicated  that  there  was 
little  to  be  gained  by  increasing  the  time  of  preheating 
beyond  one  hour  at  300°F, 


Moisture  on  JFiJLlerj, 

During  the  study  of  the  advantages  of  preheating, 
it  was  suggested  that  part  of  the  benefits  might  come  from 
removal  of  surface  moisture  on  the  pigments  during  the 
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PERCENT  WT,  LOSS 


PHYSICAL  PROPERTIES  VS.  WT.  LOSS  OF  PIGMENT 
ON  HEATING  AT  200-|700#F. 

SANTDOEL-C  IN  8||76  SILICONE  GUfJU  |5  VOLUMES  2.0%  B.P. 


CONNECTICUT  HARD  RUDDER  COMPANY 
U.S.  GOVT.  CONTRACT  DA-44- 
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preheating  treatment.  It  was  therefore  ocwxued  to  study 
the  effect  of  direct  removal  of  moisture  on  the  surface 
of  pigments  to  see  if  any  improvement  in  reinforcement 
would  be  obtained.  In  order  to  accomplish  this,  a sample 
of  Gantocel,  which  is  very  hygroscopic,  and  a sarnie  of 
Alon  v/ere  exposed  for  tY/enty-four  hours  to  saturated  water 
vapor  at  room  temperature.  They  Y/ere  then  heated  for 
sevv?ral  hours  at  several  different  temperatures  to  remove 
water  to  a varying  degree.  The  samples  Y/ere  then  tested 
in  3E-76  rubber,  as  shown  in  Table  XICI  and  Figure  V,  fac- 
ing this  page,  and  in  Table  XXII  and  Figure  VI  facing  the 
next  page. 

With  Santocel  C,  the  heating  caused  the  pigment  to 
lose  as  much  as  8 percent  inY/oight,  and  the  pigment 
surface  became  more  alkaline,  reaching  a pH  of  8,2, 
Reinforcement  was  increased  by  all  of  the  heating  periods 
up  to  and  including  three  hours  at  1000°F.  At  temperatures 
above  1000°F,,  the  pigment  sintered  and  lost  most  of  its 
reinforcing  qualities. 

The  Alon  sample  lost  moisture  up  to  10,19  percent, 
and  its  pH  increased  to  7.85.  Reinforcement,  as  measured 
by  the  increased  modulus,  increased  up  to  a period  of 
heating  of  three  hours  at  500°F.  It  was  interesting  to 
note  that  heating  Alon  at  1500°  and  1700°F,  brought  it 
far  over  on  the  alkaline  side  and  althovigh  it  was  then 
less  strongly  reinforcing,  it  Gave  the  highest  tensile 
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strengths.  Since  Alon  is  produced  by  an  acid  process 
involving  hydrochloric  acid  and  the  last  step  in  its 
preparation  is  the  removal  of  this  acid  by  heating,  it 
appears  that  an  even  greater  amount  of  heating  of  the 
Alon  might  be  beneficial  if  it  is  to  be  used  to  produce 
high-strength  silicone  rubber. 

In  several  other  miscellaneous  experiments  where 
various  pigments  were  heated  for  16  hours  at  500°F,  in 
order  to  remove  all  traces  of  water  from  their  surfaces, 
improved  rcinf or ccrncnt  was  obtained  in  several  cases  and 
notably  in  one  case,  Titanox  TlAiJC.  Ve  feel  that  surface 
moisture  is  undesirable  but  that  the  preheating  treatment 
of  rubber  and  pigment  together  has  other  advantages  in 
addition  to  removing  moisture  on  the  surface  of  the  pigment, 

pH  of  Surface  of  Reinforcing  Fillers 

3ecause  Alon  and  Santocel  C are  both  slightly  acidic, 
it  was  thought  that  the  acidity  or  alkalinity  of  the  sur- 
face of  a pigment  might  show  some  relationship  to  its 
reinforcing  valuo.  In  order  to  investigate  this  matter, 
Alon,  Santocel  C and  titanium  dioxide  were  treated  with 
hydrogen  chloride  gas,  on  the  one  hand,  and  with  ammonia 
gas,  on  the  other.  The  excess  gas  was  removed  in  various 
ways:  by  heating  at  varying  temperatures  and  by  heating 
in  vacuum.  The  pH  of  the  treated  pigment  was  determined 
by  suspending  0.5  gram  quantities  of  the  pigment  in  100  cc. 
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of  water  and  determining  the  pH  of  the  suspension. 
Interesting  results  were  obtained  which  are  shown  graphi- 
cally in  Figures  VII,  VIII,  IX  and  X,  facing  this  page, 

With  Alon  maximum  reinforcement  appears  to  be  obtained 
at  a pH  of  approximately  5.5>  with  modulus  and  hardness 
falling  off  on  cither  side  of  this  point.  The  elongation 
is  a minimum  at  this  point,  indicating  that  cither  acidic 
or  alkaline  surfaces  of  Alon  result  in  higher  elongation 
test  results, 

With  Santee  el  C,  the  range  at  which  good  reinforcement 
is  obtained  is  broader  than  with  Alon  and  extends  from  a 
pH  of  approximately  3 to  8,  Excess  acid  on  the  low  pH 
side  or  excess  alkali  on  the  high  pH  side  causes  all 
properties  to  fall  off.  This  broader  range  of  utility 
with  lantocel  C may  be  associated  with  the  high  absorptive 
nature  of  this  pigment.  It  is  possible  that  Smtoccl  C 
has  capacity  to  absorb  and  render  harmless  a considerable 
quantity  of  acid  or  alkali. 

The  results  with  titanium  dioxide  were  less  conclusive 
than  those  with  Alon  and  Santocel  C.  It  appears  from  the 
data  that  titanium  dioxide  with  a pH  between  6 and  6 will 
give  satisfactory  reinforcement. 

Coat  inn  Pigments  with  Silicone  Oils  to.  Improve.  Reinforcement 

Work  has  already  been  reviewed  on  early  attempts  to 
improve  vcinf or  cement  obtained  with  fillers  in  SX-79  rubber 
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by  coating  them  with  silicone  oils.  Very  little  beneficial 
effect  was  noted.  It  seemed  vise  to  investigate  again 
the  possibility  that  silicone  oils  placed  in  intimate  con- 
tact v/ith  pigments  might  improve  the  bond  obtained  between 
filler  and  rubber.  For  the  purpose,  Smtocel  C was  selec- 
ted for  preliminary  work  because  it  is  knov/n  to  possess 
a considerable  pore  structure;  thus  large  amounts  of  oil 
could  be  added  to  the  pigment , The  technique  used  was  to 
dry  the  pigment,  by  heating  for  several  hours  at  500°F. 
to  remove  the  moisture.  The  selected  amount  of  oil  was 
dissolved  in  carbon  tetrachloride  and  added  to  the  pigment. 
Carbon  tetrachloride  reduces  the  viscosity  of  the  silicone 
oil  solution  so  that  it  can  penetrate  and  coat  the  fine 
particles  <asily.  The  carbon  tetrachloride  was  evaporated 
in  an  oven  at  200°F,  Table  XXIII,  facing  this  page, 
shows  the  results  of  a study  of  various  amounts  of  oils 
on  Santoccl  C in  20-volume  loadings  in  SE-76,  Host  of  the 
work  was  done  ->ith  General  Electric  998lLT-b  silicone  oil. 
It  wa  observed  that  as  the  amount  of  oil  on  the  surface 
of  the  pigment  was  increased  up  to  100  per  cent  by  weight, 
the  modulus  and  hardness  decreased  while  the  elongation 
and  tensile  strength  increased.  This  appears  to  be  true 
for  oven  cures  of  one  hour  at  ^00°F%i  or  16  hours  at  h-80°F, 
Precautions  were  taken  to  increase  the  benzoyl  peroxide 
in  proportion  to  the  additional  silicone  material  present 
in  the  recipe.  Furthermore , the  amount  of  rubber  was 
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decreased  as  the  silicone  oil  was  increased,  so  that  the 
20-volume  loading  of  Santocel  C remained  constant,  based 
on  the  total  amount  of  silicone  material  present. 

Ammonia-stabilised  liquid  gum  was  used  in  t he  same 
manner  as  the  silicone  oil,  Tnis  material  vas  found  to 
result  in  an  increase  in  modulus  and  hardness  an  the  per- 
centage was.  increased, 

Uhen  the  General  r.lectric  OV^ILT-^  oil  v/an  used  with 
Hi -Gil,  Spheron  6 and  Titauox  RAi:C,  the  effects  were  much 
less  apparent,  indicating  that  the  capacity  of  the  Santocel 
C for  absorbing  the  oil  has  a lot  to  do  with  the'  results 
obtained. 

It  was  concluded  that  compounds  made  with  Santocel  C 
could  no  modified  co aside  .’ably  with  the  use  of  this  tech- 
nique . 

The  Linde  Air  Products.  Company  has  proposed  the  use 
of  al'cyl  triehloro silanes  as  coating  materials  for  pigments. 
After  the  addition  of  silane  to  the  pigment  it  is  exposed 
to  water  va.;or  which  h^'drolyzcs  the  chlorine  atoms,  and 
the  si  lands  are  condensed  to  form  a siloxanc  coating  on 
the  surface  of  the  pigment.  This  treatment  vas  tried 
with  methyl  trichlorosilanc , vinyl  trichlorosilanc  and 
dimethyl  dichloros ilane  on  the  surface  of  Santocel  C, 

Ti+arc^  RA”C,  Cclite  SCO  and  ip  her  on  6,  In  all  but  one 
of  these  eases,  no  outstanding  improvements  wore  observed 
over  the  normal  reinforcement  afforded  by  tho  uncoated 
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pigment.  The  exception  was  Spheron  6,  in  which  case  a 
vinyl  siloxane  coating  seemed  to  increase  the  stiffness, 
hardness  and  tensile  strength  of  the  compound  in  which 
the  coated  carbon  black  was  used.  The  maximum  tensile 
strength  was  h-OO  p.s.i.  Further  work  might  very  profitably 
be  done  with  carbon  black  and  siloxane  coatings. 

Molecular  \ /eight  of  S3-76  Silicone  Rubber 

In  connection  with  the  work  on  GS199S  Silica,  it  was 
found  desirable  to  measure  the  molecular  weight  of  the 
S3 -7 6 that  was  being  used  with  the  GS199S  Silica.  A careful 
study  was  made  of  all  of  the  samples  of  83-76  rubber  which 
hod  b;.  n u th<  ;,r The  •r;ar..r'  . 

molecular  weights  of  these  samples  'acre  arrived  at  by  deter- 
mining the  limiting  solution  viscosity  at  infinite  dilution. 
The  use  of  this  result  in  the  Staudingcr  equation  relating 
viscosity  and  molecular  weight  enabled  us  to  arrive  at 
the  molecular  weights  of  the  various  ri’bbcrs.  In  doing 
this,  assistance  was  gained  from  work  done  by  7 1 ory  and 
his  collaborators,  which  provided  values  for  the  constants 
in  the  Jtaudinger  equation.  Three  pages  reporting  this 
work  are  reproduced  here  from  Report  do.  13. 

Note,  _on  }tolccvlj\r_  gq.igjet_  of, . j.iJJL,cp_irc_rjiljT:Kr^ 

"Molecular  weights  of  the  various  batches  of  33-76 
polymrr  ’-’ere  determined  from  viscosity  data  of  dilute 
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solutions,  using  the  method  used  by  Flory  et  al  (1). 

"Dilute  solutions  of  each  polymer  were  made  at 
several  concentrations  in  methyl  ethyl  ketone.  Their 
viscosity  v;as  determined  at  26°C.,  using  a standard  Ostwald 
viscometer,  and  values  for  f Vk  klK  at  26°C.  were  determined 
for  infinite  dilution  by  extrapolation. 

"These  data  were  then  applied  to  the  Ctaudinger 
equation: 


(1) 


where  M is  the  molecular  weight,  and  K and  a are  constants 
for  a given  poly  ;r  - solvent  system  at  one  temperature, 

"In  order  to  find  the  values  of  these  constants,  the 
data  of  Fiery  ct  al  (1)  ” .re  used.  Flory  determined  the 
limiting  viscosity,^  j ;PJ{,  values  for  polyrtir.ctliylsiloxr.ne 
fractions  of  known  usmomctric  molecular  ^eights  at  20° 
and  30°C.  in  methyl  ct.  yl  ketone.  From  a plot  of  cq.(l) 
in  the  form: 


iog  |'^j  3 log  K / a log  H (2) 

the  constants  K and  a were  determined  for  20°  and  3^°  C. 

"Flory’s  data  for  )\  kCK  at  20°  and  30°C,  were  re- 
plottcd  using  the  /'rhenius  equation: 

y ) - Ae  - E/T  (3) 

to  obtain  values  of  |^Jat  26 °C.  for  tire  fractions  of  known 
osmonc-tric  molecular  weight,  a third  plot  of  aquation  (2) 

(1)  Flory,  P.J.,  ct  al,  .T.Am.Chcm.Soc,  2!+, 3364  (1952) 
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\ns  th^n  mado  to  givu  const. .nts  K and  a ,.t  2S°C.  Va-luos  of 
M from  our  data  at  26°C*  could  thun  oith^r  road  off  the 
plot  or  c -lculut^d  with  t 26°  constants. 

"Values  for  the  Stavdingcr  equation  constants  for 
polydimethylsiloxanc  in  methyl  ethyl  ketone  are  as  follows: 


tab lt.  ;::iv 


ST AUDI  "Gin 

:]QUATI0H 

CO'ISTABTS 

FAOK  FLOAT  >3 

Tcmp.°C. 

mo3  _ 

__lce_K_ 

-iJr' 

20° 

c.oo 

-3.069 

0.50 

26° 

0.66 

-3.170 

0.52 

30° 

0.7* 

-3.09'; 

o.;4 

"The  average  molecular  * -eights  of  the  various  batches 
of  Til— 76  from  the  limiting  viscosity  at  26°C.  arc  given 
bclou : 


;zy 

AVTiAC-13  i iOLT.CULAA  'EIGHTS  FACK  VISCOMATAIC  DATA 


Batch  Bo, 


26°C 


Molecular  Height 


31339 

0 . 320 

840,000 

4b -99^6 

0.760 

730,000 

8826 

0.790 

710 , 000 

BA-2600 

O.632 

912,000 

B-7199 

0.619 

403,000 

11317(as  reed) 
Fractionated  sample; 

0.934 

433,000 

11317(high  fmnt) 

0.719 

643,000 

11317(mediUi,i  " ) 

0.968 

408,000 

11317UO-W  " ) 

0.922 

392,000 

II 


I 


[] 


[] 

[] 


i 


II 


The  effect  of  the  average  molecular  weights  given 
in  the  above  table  oh  the  physical  properties  obtained 
with  the  respective  rubbers  is  of  considerable  interest. 

Me  first  became  conscious  of  the  variation  when,  after 
having  used  natch  Ho.  B-5946  for  several  months,  we  were 
suddenly  confronted  with  Batch  "o,  11317* 

SB-76  of  Varying  Molecular  Weight  with.  ntoccl  c 

As  given  in  Table  X'lV,  the  average  molecular  weights 
of  various  batches  of  3B-76  varied  from  433)000  to  840,000. 
Batch  Ho,  b-5/46,  with  which  most  of  our  work  in  1951  and 
early  1952  was  carried  out,  had  an  average  molecular 
weight  of  730)000,  while  Batch  :Io.  11317,  which  was  used 
during  the  latter  part  of  1952,  had  the  lowest  average 
molecular  weight,  433,000.  This  is  about  fifty  percent 
lower  and  was  a deliberate  change  in  the  polymer  to  impart 
better  plasticity  or  workability  to  silicone  compounds, 

There  is  no  great  variation  in  properties  of  a standard 
15-volume  ‘jantoccl  c stock,  cured  with  benzoyl  peroride, 
as  the  molecular  weight  of  the  gum  is  changed.  Data  are 
given  in  Table  10CVI • Elongation  and  lea;  hardness  appear 
to  be  preserved  during  high-tcnperatarc  cures  in  the  lower 
molecular  a; eight  gum. 

The  only  batch  of  rubber  in  Table  IZhVI  which  appears 


different  from  the  others  is  rlo,  11317.  Upon  chocking 
with  the  supplier , wc  learned  that  this  batch  was  indeed 
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on  the  lower  limit  of  their  viscosity  specif ication . The 
supplier  clains  that  there  is  ?.ittlc  effect  of  the  molecular 
weight  of  the  rubber  u )on  the  tensile  strength  properties 
above  ?.  molecular  1 'eight  of  300,000.  It  seems  quite  pos- 
sible that  Batch  ’To.  11317  contained  a substantial  portion 
of  rubber  of  molecular  weight  less  than  300,000.  As  will 
be  seen  below,  the  molecular  '’eight  of  the  rubber  plays 
a more  important  part  in  recipes  containing  GS1993  Silica. 

SB -7,6  of.  yp-TjJjiZ.  lioJL/^cii.lar  J (c_ig_ht_  \ iijt h_ jS3_1J)9 S_ j3  i 1 i ca 

G3199S  Silica  will  be  discussed  in  greater  detail 
in  the  section  to  follow.  The  effect  of  the  molecular 
weight  of  the  rubber  upon  the  tensile  strength  properties 
obtained  \dth  CS1993  will,  however,  be  discussed  here. 

As  will  be  shown  later,  benzoyl  peroxide  may  bo  omitted 
completely  from  recipes  containing  03199"  as  a filler. 

In  other  w’ords,  the  GS1993  has  the  property  of  vulcanizing 
the  rubber  as  ’ ell  as  reinforcing  it.  In  the  recipes  on 
which  data  arc  presented  in  Tables  :r;VII,  XXVIII  and  XXIX 
and  Figure  XI,  no  benzoyl  p-r oxide  was  used,  ’ hLt'n  G3199S 
3ilica  reinforcement  and  cure,  better  tensile  strength 
is  obtained  ”ith  higher  molecular  weight  polymer. 

It  was  found  (Report  No.  12)  that  tensile  strengths 
of  over  10C0  p.s.i,  could  not  be  obtained  with  Batch  No, 
11317  gum,  whereas  tensile  strengths  of  almost  2000  p.s.i, 
had  been  obtained  with  Batch  No,  59^#  This  was  traced 
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Footnotes  , , . . , . . , 

(1)  Gen.Blec.  SB-76  gum  used;  various  batches  as  indicated 

(2)  Press  cure  15  minutes  at  230OF.;  even  cure  as  indicated 
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to  the  difference  in  average  riolccular  weights  and  led  to 
evaluation  of  OS199S  Oilica  curing  fron  this  standpoint. 

Table  I ” iVI I gives  data  on  a batch  of  the  11317  gum 
which  was  separated  by  solvent  precipitation  into  three 
different  mole cular  weight  fractions,  which  averaged  350,000, 
410,000  and  640,000,  Cures  of  the  fractions  show  the 
highest  tensile  strength  in  the  case  of  the  highest 
molecular  weight  fraction,  and  little  effect  on  other 
physical  properties  except  that  the  highest  fraction  was 
also  more  stable  at  the  400°F.  curing  temperature. 

Tables  .TIVIII  and  IChll.  contain  data  for  a series 
of  cures  with  15  and  25  volumes  of  C3  Oilier,  in  five  dif- 
ferent batches  of  37.-76.  These  batches  were  used,  as 
received,  and  their  average  molecular  weights  v/ere  deter- 
mined by  the  viscosity  method  as  previously  described 
(page  7l) . Average  molecular  weights  ranged  from  430,000 
for  Batch  no.  11317  to  730,000  for  hatch  7o.  7-5946, 

Vita  15  volumes  of  OS  Silica  (Table  ITilh),  the  best 
rcinforccnc.it  occurred  with  Latch  No,  E-5946  of  736,000 
molecular  weight. 

All  of  the  available  batches  of  37-76  were  compounded 
with  25  volumes  of  GS 199-3  >ilica,  the  data  being  given 
in  Table  IT. VII I and  presented  graphically  in  Figure  '7. 

There  arc  several  interesting  points  evident  from 
inspection  of  the  data  and  graph.  There  is  a definite 
increase  in  tensile  strength  as  molecular  weight  increases, 
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i.c.,  from  200-000  p.s.i,  at  430,000  molecular  weight  to 
1000-1750  p.s.i.  at  700,000  molecular  weight,  This  occurs 
v;ith  either  a 300°  or  400°F,  cure,  although  the  result  is 
more  easily  detected  at  the  lover  temperature  of  cure. 

This  accounts  for  the  failure  to  produce  high-tcnsilc- 
strength  03199-  Silica  stocks  vith  the  regularly  available , 
low -molecular -weight  variety  of  35-76.  Figure  XI  shows 
that  as  gum  molecular  weight  increases,  the  tensile  strength 
plot  indicates  the  biggest  increase,  ^/ith  a slight  effect 
observable  in  elongation  improvement.  Other  properties 
arc  not  changed  appreciably. 

These  data  shew  that  35-76  rubber,  to  be  most  effective 
in  compounding  with  GS  Silica,  should  be  of  about  700,000 
average  molecular  weight,  or  more.  This  grade  of  polymer 
shows  better  tensile  strength  than  the  presently  favored, 
lower  viscosity  type  currently  sold  by  the  General  Electric 
Company.  It  is  recognised  that  softer,  lover  molecular 
weight  gum  is  easier  to  mill  and  easier  to  "fr.  shen"  by 
milling  after  having  been  mined  and  aged. 

DuPont  G51993  Silica  as  a Reinforcing  Aj&ont 

DuPont  G3199S  Hydrophobic  Silica  was  brought  to  our 
attention  late  in  1951*  The  properties  of  this  material 
arc  given  in  Table  XII  and  in  more  detail  below.  It  had 
already  been  extensively  evaluated  by  DuPont  as  an  inor- 
ganic thickening  agent  far  oils  to  make  lubricating  greases. 
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The  structure  of  the  pigment  has  not  yet  been  revealed* 

The  product  information  sheet  put  out  by  Grass ell i 
Chemicals  Department,  E»I.  du  Pont  de  Nemours  & Company, Inc. 
stated  that  GS199S  Silica  has  the  following  properties: 

!•  Extremely  small  ultimate  particle  size 

2.  High  specific  surface  area 

3.  Pronounced  hydrophobic  and  organophilic  properties 
4«  Ease  of  dispersion  in  organic  systems  with 

conventional  milling  procedures 

5.  Low  bulk  density 

Other  obvious  characteristics  may  be  listed: 

6.  An  organic  constituent  to  the  extent  of 
approximately  15  percent  which  is  removable  by  heating 
in  air  at  48o°F. 

7«  A pronounced  capacity  for  taking  up  static 
charges 

Other  properties  disclosed  by  DuPont  include  the  following: 

1.  Surface  area  by  nitrogen  absorption  250-300  in  /g. 

2.  Bulk  density  7 lb./cu  ft*, 

average 

3*  Si02  84-88$ 

4*  pH  in  50-50  methanol-water  mixture  7»5“9»5 
5*  Physical  form  of  silica  Amorphous 

It  was  also  revealed  that  the  pigment  is  chemically 
stable  at  ordinary  tempo  matures  except  in  the  presence  of 
alkalies  and  hydrogen  fluoride.  It  i s subject  to  attack 
by  oxygen  above  200°F«,  with  loss  of  its  hydrophobic 
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Plate  9 


< 

1 Micron 

Mag.  x 142,100 


1 


Sample  No.  S-5 
Negative  No.  307 3c 
Magnification:  c:C,300 
Enlarged:  7*0 


Date:  1/10/52 

Paper;  F-3 
Stop:  11 

Exposure:  30  sec. 


Remarks  1 Santocol  C on  collodion  (Spark  dispersed, Pd- 
Shadow) 

Small  particles  0. 005-0. 0l5/?4»  Shows  Aerogol 
structure  G.01-0.  L0/"-  pores. 


Plate  10 


1 Micron 

Mag. 

x 46,200 

Sample  No. 

3-6 

Date : 

2/1/52 

Negative  No. 

3141C 

Paper; 

P-2 

Enlargod: 

7.0 

Stop ; 

8 

Magnification;  66C0 

Exposure 

1:  20 

oc . 


Remarks : 


GS199S  in  SE-76  (1$  vol.  cure  1 hr.®  300°P. ) 
Section,  Methacrylate  Removed,  Pd. Shadow. 


PLATE  10 
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properties . 

It  was  also  claimed  that  03199S  Silica  has  a strong 
reinforcing  effect  in  natural  rubber  and  in  standard  GR-S, 

Cold  GR-S  and  Neoprene  Gil. 

Particle  diametc-r  of  the  ultimate  particle  of  GS199S 
Silica  is  approximately  0.01  microns.  This  is  net  greatly 
different  from  that  of  Sant oc cl  C.  One  of  the  first  fea- 
tures of  GS199S  Silica  was  that  it  could  be  incorporated 
in  silicone  rubber  to  the  extent  of  JO  volumes  per  hundred 
of  rubber.  Such  high  loadings  would  not  be  very  practical 
but  may  be  compared  with  Santoccl  C,  for  example,  with 
which  27.5  volumes  is  the  maximum  loading,  even  though  the 
ultimate  particle  sizes  arc  practically  identical. 

It  must  be  assumed  that  the  organic  coating  on  G3199S 
Silica  temporarily  prevents  penetration  of  the  liquid 
silicone  rubber  into  pores  of  the  filler.  This  occurs 
fairly  rapidly  in  the  ease  of  Santoccl  C.  In  both  eases, 
a structure  is  formed  as  the  liquid  silicone  rubber  is 
absorbed  by  the  porous  silica  filler,  but  development  of 
this  structure  is  retarded  in  the  co.sc  of  C-S1993,  so  larger 
volume  loadings  can  be  incorporated.  Repeated  milling 
breaks  down  the  structure  effect  and  tends  to  restore 
plasticity.  It  is  our  feeling  at  this  time  that  a 2j-volume 
loading  is  probably  the  maximum  that  is  likely  to  be  used 
commercially  with  GS1993,  as  compared  with  approximately 
16  volumes,  ordinarily  considered  the  maximum  with  Santoccl  C» 


80. 


The  table  on  the  opposite  page  shows  the  magnitude 
of  the  physical  properties  that  can  be  obtained  with  G3199S 
Silica  in  SH-76  rubber.  These  tests  were  obtained  in  the 
presence  of  variable  benzoyl  peroxide.  They  show  that 
the  concentration  of  benzoyl  peroxide  has  little  effect 
on  the  hardness  or  modulus,  especially  after  24  hours  at 
400°F.  Benzoyl  peroxide  has  a slightly  adverse  effect 
on  compression  set.  Full  cures  at  400°F.  appear  to  be 
impractical  with  25  volumes  of  GS1993  - the  compounds 
stiffen  and  harden  too  much. 

The  table  shous  the  highest  tensile  strengths  that 
we  had  ever  seen  with  silicone  rubber  at  the  time  that 
they  .'ere  measured.  Unfortunately,  high  tensile  strength, 
heat  resistance  and  compression  set  resistance  do  not 
seem  to  be  obtainable  in  one  and  the  seme  slab. 

It  seemed  obvious  that  the  benzoyl  peroxide  used  in 
the  recipes  in  Table  XXX  was  doing  no  good  whatsoever, 

Uhen  it  was  removed,  it  was  found  that  curl ng  occurred  in 
its  absence.  In  the  absence  of  benzoyl  por oxide,  optimum 
tensile  strength  is  not  reached  in  a one-hour  oven  cure 
at  300 °F.,  as  occurs  when  it  is  present.  The  maximum 
tensile  strength  is  reached  in  about  16  to  24  hours  at 
300°F.,  or  in  2 to  6 hours  at  400°F,  Curing  at  400°  or 
480°F.  hardens  and  stiffens  the  GS1993  recipes  at  a much 
faster  rate  than  it  does  recipes  not  containing  G3199S, 
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but  the  benzoyl  pcrorriclc  plays  no  important  role* 

The  following  paces  of  this  report  arc  devoted  to 
GS1993  compounding  and  the  effect  of  varying  concentration, 
time  and  temperature  of  cure,  molecular  weight  of  the 
rubber,  methods  of  miring,  etc, 

Electron  micrographr.  of  GS19°;  resemble  those  taken 
of  Santo eel  C.  The  ultimate  particles  arc  of  appro::! mat cly 
the  sane  size,  C.01  microns,  but  the  aggregates  of  3 ant  oc  cl 
C arc  slightly  larger.  The  similarity  of  the  two  pigments 
stops  here,  for  Santoce!  C is  definitely  hydrophilic 
while  G31993  is  hydrophobic. 

Electron  micrographs  of  GS 199-3,  3an-toccl  C and 
GS199S  in  3Z-76  rubber,  face  this  page*  These  show  the 
particulate  structure  of  the  fillers,  the  large  porous 
aggregates  and  the  way  the  rubber  penetrates  and  surrounds 
the  GS199S  in  a 15-volunc  recipe. 

The  organic  coating  in  031993  was  3 ham  to  bo  essen- 
tially butyl  alcohol.  It  can  be  removed , intact,  -y 
dissolving  the  silica  substrate  in  3N  sodium  hydro-cldc. 

This  was  done,  and  positive  identif icatlo ■>  of  at  least 
one  half  of  the  coating  ’>gs  made.  It  i/as  found  to  be  nor- 
mal butyl  alcohol.  The  ccnting  is  cuci disable  upon  heating 
in  air  but  is  not  rrncveci  by  heating  at  4C0°7,  in  vacuo 
(4-  percent  weight  loss  under  these  conditions).  It  appears 
that  the  coating  is  chemically  bonded  to  the  silica. 

It  may  bo  surmised  that  partial  removal  of  the 
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chemically  bonded  coating  during  oven  curing  of  silicone 
GS1993  mixtures  is  connected  in  some  way  with  the  develop- 
ment of  vulcanization  bonds.  The  mechanism  by  which  this 
vulcaniz'  tion  may  occur  has  not  been  worked  out. 

In  deport  !To.  12,  the  results  of  over  a hundred  tests 
in  which  G3199S  was  used  as  the  wring  agent,  we  re  reported. 
These  could  be.  divided  into  two  rain  groups,  those  in  which 
high  molecular  -./eight  rubber  for  Batch  :!o,  59*+6  was  used 
and  those  in  which  softer,  la-; or  molecular  weight  rubber 
for  Batch  he,  11317  was  used.  The  effect  of  the  molecular 
weight  of  the  rubber  has  been  discussed  previously, 

Fror  the  tables  in  Beport  No,  12,  we  find  that  the 
vulcanizin'*  action  is  too  dilute  when  less  than  10  volumes 
of  G31993  Silica  is  present  and  too  concentrated  when  more 
than  30  volumes  is  present,  Maximum  tonsil''  strength 
appears  to  bo  obtained  at  20  to  29  volume  loading.  Since 
the  filler  is  also  serving  as  curing  agent,  it  is  difficult 
to  decide  whether  to  avoid  over curing  by  using  10  to  1? 
volumes  of  03199-3  or  to  achieve  maximum  reinforcement  by 
using  20  to  29  volumes. 

It  will  be  shown  later  that  the  over  curing  tendency 
is  not  strong  at  300°F,  Tests  carried  out  with  a relatively 
short  cure  at  300°F,  are  best,  therefore,  for  an  examin- 
ation ox  the  effect  of  the  volume  loading  of  GS199S  jilica. 
The  tests  shown  in  the  table  below  were  obtained  with  a 
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24-hour  cure  at  300°F.  These  vulcanizat es  may  be  con- 
sidered fully  cured,  as  optimum  tensile  strengths  are 
generally  reached  in  this  period. 

zasjejsso. 

EFFZCT  OF  V0LUIC5  LOADING  OF  OS  1993  III  SF.-76* 

IIP  BSI'ZOFL  PFROXIDS  - 24  1 H3_,.  _AT_  300OF . „ 


Vol.Per 

Stress® 

> Stress® 

Tensile  Zlong, 

Hardness 

100  of  33-76 

200m 

4009' 

n . s . i . £ 

Shore  A 

5 

?3 

2° 

32  463 

11 

10 

Cl 

143 

547  925 

26 

15 (AV.  2.  tests) 

ico 

310 

1550  930 

47 

25(AV. 4 t;sts) 

252 

450 

1640  845 

67 

♦Fateh  3-5946 

The  high  tensile  strength  of  C-3199G  vulcanizates 
such  as  those  in  the  table  above  are  the  product  of  moder- 
ate stiffness  and  high  elongation.  To  this  extent,  GS199G 
resembles  /Ion  which  imparts  similar  stress-strain  proper- 
ties. The  stress-strain  curve  of  GS199C  compounds  is 
peculiar  in  that  there  is  a hump  near  the  origin,  charac- 
terized by  high  initial  stress  at  low  elongations.  This 
"■structure"  irregularity  is  removed  when  test  strips  are 
stressed  once  or  twice  before  being  tested  to  break. 
Ultimate  tensile  strength  and  elongation  arc  not  changed 
much  by  such  treatment,  although  the  stress-strain  curve 
is  lo-’crcd  generally  at  low  extensions.  No  explanation 
of  this  irregularity  can  be  offered  at  this  time, 

higher  volume  loadings  of  GS1993  lead  to  the  formation 
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of  olasticlike  slabs.  These  tend  to  be  brittle,  if  cured 
at  hi  Eh  temperatures.  The  maximum  volume  loading  that 
was  reached  on  the  laboratory  mill  was  52.5  volumes  per 
hundred  of  rubber. 

High-Temperature  proper ti e_s_  y.ut_h  GSJL^S.  Syilica 

Due  to  the  persistent  curing  action  of  G31993  Silica, 
loss  of  tensile  strength  and  elongation,  common  in  all 
oven  curing  of  silicone  stocks,  is  much  greater  when  these 
contain  G ^ 199-3  iilica  than  when  they  do  not.  'Tien  curing 
or  aging  is  limited  to  300°F.,  GS199S  recipes  are  fairly 
stable.  At  the  time  that  this  contract  ’ ms  closed,  we 
were  unable  to  prevent  rapid  decay  of  tensile  strength 
and,  especially,  elongation  during  high -tamper  ture  ag- 
ing or  curing,  hincc  the  curing  potential  has  been  built 
into  the  pigment  by  its  manufacturers  who  have  combined 
therewith  e.r.  organic  coating  removable  not  by  heat  alone 
but  by  oxidation  plus  heat,  it  seems  probable  that  the 
curing  action  may,  with  further  study,  be  controlled. 

When  this  is  done,  strong,  resilient  silicone  rubber  will 
result  from  the  use  of  low  percentages  of  the  pigment, 
and  very  tough,  tightly  cured,  highly  reinforced  com- 
pounds will  result  when  high  loadings  are  used.  Data 
in  the  following  sections  of  this  re  nor  t will  sho:  the 
degree  of  overcuring  commonly  obtained  with  GS199S. 
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SHORE  A PERCENT  RS.I. 


20  40  60 

HOURS  OF  CURE 

OVEN  CURES  OF  GS  SILICA  STOCK 

25V0LS.  NO  B.P 


200*  MODULUS 

60  80 


CONNECTICUT  HARO  RUBBER  COMPANY 
US. GOVT.  CONTRACT  DA  44-109  qm-64 


0>  — — CURED  AT  300*  E 
CURED  AT  400  K 
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Rate  _of^  Cure^  of.  (}S1_°9S.  jjCa. Jljbces 

Tensile  strength  and  elongation  data  were  obtained 
at  30O°F.,  400°F.,  450°F.  and  480°F.  at  various  times 
of  cure  on  a 25-volume  mix  with  GS1993  Silica  in  standard 
SE-76  (about  li-30,000  molecular  weight).  Eouivalent 
cures  vere  reached  at  approximately  50  hours  at  300°F. 
and  6 hours  at  400°F.  At  450°  and  480°F.,  the  equivalent 
time  would  have  been  less  than  one  hour  but  cures  short- 
er than  one  hour  were  not  attempted.  The  data  are  not 
accurate  enough  for  a determination  of  the  temperature 
coefficient . 

The  rubber  used  here  was  the  low-molecular-weight 
gum,  Batch  11317.  Tensile  strengths  of  800  to  1000 
p.s.i.  were  reached  only  by  curing  for  48  to  96  hours 
at  300°F.  or  for  6 hours  at  !fOO°F.  The  low-molecular - 
weight  rubber  does  not  provide  sufficient  stiffness  to 
result  in  high  tensile  strength.  At  300°F.,  there  was 
very  little  tendency  toward  ovcrcuring.  One  might 
conclude  that  at  300OF.  the  cured  product  is  reasonably 
stable,  although  it  is  obviously  still  undergoing 
curing.  However,  at  400°,  450°  or  480°F.,  there  is  no 
question  that  the  25-volume  loading  of  G5199S  is  rapid- 
ly overcuring  the  product.  The  rates  of  cure  at  300° 
and  400°F.  are  easily  analyzed  by  looking  at  Figure  XII. 

As  in  benzoyl  per  oxide -cured  silicone  rubber,  the 
compression  set  does  not  begin  to  fall  to  a satisfactory 
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level  until  the  elongation  has  dropped  far  derm.  It 
is  interesting  to  observe  that  overcuring  to  a degree 
leading  to  embrittle raent  definitely  does  not  occur  at 
300°F,  (up  to  96  hours)  but  occurs  quickly  as  the  oven 
temperature  is  raised.  The  data  may  be  found  in  Table 
XXXIII  and  Figure  XII. 

In  Table  ;T2IIII,  the  rate  of  cure  of  10  and  1‘;  vol- 
ume mixes  at  480°F.  can  be  followed.  Using  elongo.tion 
as  an  inde::  of  cure  for  vant  of  a better  one  in  this 
case,  ve  sec  that  a 10-volune  mix  required  about  20 
hours  at  V80°F.,  a 15 -volume  mix  required  4 hours,  and 
a 25-volume  mix  (Table  122 JI)  required  about  2 hours 
to  drop  to  100  percent  elongation.  Thus  at  lover  con- 
centrations of  C-S1999  Silica,  the  over  curing  tendency 
is  diminished;  unfortunately  such  mixings  are  not  ade- 
quately reinforced,  mixtures  of  G 31993  Silica  vith 
reinforcing  pigments  ’nave  been  tri  :d  xith  mixed  success, 
and  further  mot k is  indicated  here. 


Curing  with  Benzoyl  Peroxide 

It  might  be  expected  that  cross-linking  of  silicone 
rubber  reinforced  by  C-S1993  Silica  vith  benzoyl  peroxide 
might  stabilize  the  system  vith  respect  to  480°F.  curing 
Therefore  a study  of  press  and  oven  curing  a/ith  various 
proportions  of  benzoyl  peroxide  vas  carried  out  in  an 
attempt  to  overcome  high-temperature  brittleness. 
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1 .Press  jNurjLryg_  Da.ta 

Variation  of  press  curing  temperature  was  carried 
out  with  29-volume  G3199S  iilica  stocks  containing  0.9 
and  2,0  percent  benzoyl  peroxide.  Low -molecular -weight 
gum,  'latch  11317)  'Jus  used.  Data  are  given  in  Table  iCli.IV, 
With  0.9  percent  peroxide,  reinforcement  vac  lovered  as 
the  press  curing  temperature  ”as  raised.  The  same  was 
true  using  2 percent  peroxide,  as  indicated  by  the  modulus 
data.  These  data  eje  comparable-  to  those  in  Tables  XVI 
and  XVII,  and*  again  suggest  that  peroxide  decomposition 
products  arc  operative  in  dcpolynerizing  the  371  —76  at 
the  higher  press  temperatures , None  of  these  variations 
served  to  keep  the  480°F.  cured  slabs  from  becoming  stiff 
and  brittle  and  therefore  unsatisfactory. 

2 .Oven  .Curing  Data. 

Tabic  XXXV  shows  data  on  400°  and  40O°F.  oven,  cures 
of  19  and  79  volume  GS  Silica  stocks  with  varying 
benzoyl  peroxide.  The  regularly  available  lover  molecular 
weight  pD-76  siloxanc  polymer  (latch  No,  11317)  was  used. 
The  purpose  of  this  series  of  tests  was  to  determine 
the  high-temperatur c curing  properties  of  the  lew -molecular 
weight  polymer  with  C- 11993  Silica  plus  peroxide.  Fifteen- 
volume  stocks  withstand  44  hoars  at  400°F,  without 
becoming  brittle.  Mow ever,  from  the  standpoint  of  tensile 
strength,  the  12-hour  cures  at  400°F,  were  superior, 

* Jitli  29  voIivjcs  of  Go  Silica,  the  12-hour  cure  at 
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400°F.  is  the  only  satisfactory  one,  and  all  properties 
suffer  nith  further  curing.  Other  data  shon  that  nith 
benzoyl  peroxide  present,  the  highest  elongation  and 
tensile  strength  arc  obtained  in  short  cures,  1 hour  at 
300°  or  400°  F.,  these  properties  falling  off  fairly  rapid- 
ly nith  further  curing.  This  is  attributable  to  the 
effect  of  the  pigment,  the  ultimate  properties  being 
independent  of  the  concent r '.t ion  of  benzoyl  peroxide. 


affect  of  Hilling  C-S199S  Mixes 

Fine  ponders  arc  difficult  to  disperse  in  silicone 
rubber;  the  finer  they  arc  the  greater  the  difficulty. 

The  difficulties  in  the  case  of  silicone  rubber  arc  not 
the  same  as  those  encountered  in  ordinary  rubber  compound- 
ing, There,  if  one  proceeds  slowly  to  add  the  fine  ponder, 
the  only  tiling  that  happens  is  that  the  batch  becomes 
very  hot  and  very  tough  as  high  loadings  arc  reached. 

With  silicone  rubbers,  the  fir.it  sign  of  difficulty  is 
noted  *’hen  the  batch  loo  sews  from  the  rolls  and  falls 
into  the  •tan.  The  lack  of  cohcsivcnoss  of  silicone  rub- 
ber to  itself,  or  adhesiveness  to  steel-mill  rolls  makes 
mill -mixing  difficult.  Fast  mills,  tight  rolls  and  care- 
ful adjustment  of  batch-size  to  fit  the  mill  arc  essential, 
G3199'-  Silica  makes  no  exception  to  the  rule.  Our  obser- 
vations arc  that  GS199S  is  somewhat  more  difficult  to 
handle  than  Alon  or  Santocel  C on  the  laboratory  mill. 
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Production-scale  batches  have  not  been  attmpted. 

It  is  found  that  standard  (*K33jOOO)  molecular  weight 
rubber  is  far  more  easily  compounded  uith  GS199S  than 
tougher  grades  of  rubber.  The  latter  may  easily  require 
twice  as  long  to  mix  in  the  laboratory.  Higher  physical 
properties  result,  as  shown  on  page  75.  The  plasticizing 
action  of  lower  molecular  weight  polymer  is  offset,  with 
G31993,  by  the  lower  properties  that  result, 

l .'hen  a given  batch  is  mixed,  good  practice  recommends 
aging  and  rcmilling  after  a day  or  two.  Apparently  a 
structure  is  built  up,  as  is  the  case  with  Gantoccl  C,  and 
rcmilling  seems  to  restore  tack,  pliability  and  plastic 
flow  properties.  Table  XTZIVI  shows  the  effect  of  prolonged 
storage  of  a master  batch  of  25  volumes  of  GS199S  in  913-76, 
A large  master  batch  was  prepared,  containing  25 
volumes  of  G31993  Silica.  It  was  then  exposed  at  125°F. 
for  21  days,  uith  samples  being  removed  periodically. 

The  samples  were  remillcd  to  establish  whether  the  stock 
appeared  to  be  setting  up  in  storage,  and  then  were  cured 
and  tested.  ITo  change  in  workability  on  the  mill  could  be 
detected.  The  results  arc  shown  in  T \ble  X3CCVI.  There 
appears  to  be  no  consistent  change  in  the  properties  of 
this  25-volumc  stock  in  21  days  at  125°F. 

The  same  master  batch,  aged  for  two  months  at  room 
temperature  (April  and  Hay),  was  then  cured  and  tested 
without  rcmilling.  Except  for  a slight  stiffening,  which 


(3)  Compounds  were  remilled  each  day  for  3 days  before  curing. 
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could  have  been  reduced  by  rcmilling,  the  results  v/ere 
satisfactory, 

Banbury -nixed  batches  of  03199'-'  in  3 3 -76  *;crc  prepared 
by  the  Grasselli  Chemicals  Bc-partment  of  DuPont . One 
such  batch  had  evidently  heated  up  to  the  point  "here  it 
had  scorched,  but  another  nan  successfully  mixed  and  vas 
usable , 

Three  separate  rer.ilLing  tr  eatnonts  were  given  to 
15,  25,  30  and  3?  volume  luiranes  in  standard  31-76,  The 
data  s noun  in  Tabic  .‘ZOIVII  include  only  cures  of  24  hours 
at  400°F.  plus  9 hrs.  at  480°F.  and  reveal  that  a con- 
siderable improvement  in  elongation  and.  therefore:  in  ten- 
sile strength  resulted  from  the  additional  milling.  These 
arc  the  best  480°F,  cures  that  no  have  made.  This  amount 
of  rcmilling  might  not  be  practical,  but  there  seems  to 
be  a "ay  her.  to  counteract  the  over  curing  tendency  to 
some  extent , 

£la^ticizppps_jDf  GS1.9.9p.  mixes. 

ilr.ny  attempts  were  made  to  plasticize  GS1993  compound 
to  aid  in  wit hs  banding  high-temperature  curing.  .'ithout 
exception,  these  attempts  ;;ero  failures.  The  details  of 
these  tests  nay  be  found  in  Deport  No,  13, 

Rate,  of  Decomposition  of  Benzoyl  Perppeid c_ _£*nnd_  ]Ic_chanism 
^f_Vulppp{izatiop{ 

In  Report  No.  10,  preliminary  data  were  given  on  the 
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rate  of  decomposition  of  benzoyl  peroxide  in  normal 
heptane  as  a solvent.  This  work  was  folio1, 'cd  up,  and 
Report  'Jo . 13  contained  an  account  of  the  rate  of  decom- 
position of  benzoyl  peroxide  in  the  presence  of  silicone 
rubber  itself,  as  well  as  some  experiments  on  the  rate  of 
vulcanization  of  liquid  silicone,  hexamcthyldisiloxanc , 
when  reacted  with  p-chlorobcnzoyl  peroxide.  All  of  this 
work  is  made  the  subject  of  a special  section  of  this 
report  which  follows . 

Acyl  peroxides  decompose  under  the  influence  of  heat 
into  free  radicals  which  arc  able  to  react  with  suitably 
activated  compounds.  Thus  benzoyl  peroxide  decomposes 
according  to  the  following  schemes 

1.  (C.'H^GOO) ^ —4  ? C6H5COO. 

2.  C^H^COO.  — — ^ CC^j 

The  free  radicals  so  formed  may  react  with  a silicone  rubber 
as  follows: 

3.  (C^HjX00)2  — i-  2 C^H^COOH  / one  cross-link  between 
siloxanc  chains. 

4.  (C5ll^COO)2  — 2 C0?/  2 C^H^CHp-  siloxant  / 2 p/ 

5.  (C^HjCOOg  — •*  ? C^H^COOCHg- siloxanc  / 2 

The  study  of  the  mechanism  of  vulcaniz  .tion  performed 
by  this  laboratory  is  divided  into  three  parts. 

1 . Xnyqj8.tiga.tloa.Pf  Reactions  of  Benzoyl  Peroxide  with 
Sillcp.nc  Gum  piss. olved  lil  an  Inert  po.ljyc.nt 

This  work  showed  the  possibility  of  following  the 
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reaction  of  benzoyl  peroxide  vith  a silicone  iolyncr 
dissolved  in  an  inert  solvent.  The  most  significant 
result  obtained  was  that  benzoic  acid  appeared  in  all  eases 
as  a product  of  the  decomposition  of  benzoyl  peroxide  in 
the  presence  of  heat  rnd  silicone  polymer  (Reaction  3)» 
in  amounts  approximating  20  percent  of  the  stoichiometric 
content.  Carbon  dioxide  and  benzene  (Reaction  2)  were  also 
isolated,  indicating  a complex  mode  of  decomposition  of 
benzoyl  peroxide  through  a free  radical  mechanism  involv- 
ing benzoate  and  phenyl  fragments.  It  was  also  found  that 
the  neutralization  of  the  benzoic  acid,  as  formed,  in- 
creased the  efficiency  of  the  benzoyl  peroxide  and  effec- 
tively increased  the  extent  of  the.  vulcanization  of  silicone 
polymer. 

2 . Mechanism  of  Peroxide. Vulcanization  of  Hexamothyl- 
disiloxane 

p-chlorobonzoyl  peroxide  was  the  curing  agent  used 
to  study  the  vulcanization  of  hcxanethyldisiloxanc . The 
chloro-substitutod  peroxide  was  chosen  because  it  allowed 
determination  of  the  quantitative  distribution  of  the 
various  peroxide  fragments  by  tracing  the  chlorine  tagged 
groups,  Hexamethyldisiloxane  was  chosen  as  the  simplest 
prototype  of  silicone  rubber  polymers  ordinarily  used  in 
industry.  Free  p-chlorobcnzoic  acid  (Reaction  3)  and  car- 
bon dioxide  (Reaction  V)  were  isolated  directly  from  the 
reaction  mixture,  p-chlorobcnzoatc  groups  attached  to  the 
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siloxane  chain  (Reaction  5)  were  cleaved  by  means  of 
hydrolysis  with  strong  alkali  and  recovered  as  p-chloro- 
benzoic  acid,  p-chlorophenyl  groups  also  attached  to 
the  siloxane  chain  (Reaction  4)  were  identified  from 
calculations  based  on  the  anount  of  carbon  dioxide  evolved 
through  decarboxylation  of  p-chlor obenzoate  groups. 

ivmssEsmi. 

DISTRIBUTION  OF  CHLCRINK  IN  PANS? 

HEXAMETHYLP1SILUXA1& 

Percent  Percent 
based  on  based  on 
1 .'eight  total  ini-  total  chlo- 
in  tial  chlo-  rinc  accoun- 
grams  . rinc tc_d  .for 


Chlorine  present  in  orig- 
inal peroxide 1. 2t>9»  • 100.00 

Chlorine  present  in  free 

isolated  p-CIBA 0.2796. . . .22,03.  . • • 


27. 9 


Chlorine  found  in  reac- 
tion mixture  after 
removal  of  free 
p-ClEA 


0.7620 60.04 


Chlorinc  corresponding  to 
total  COo  evolved  in 

original"^  cacti  on. 0,499 39 .32. 


Chlorine  present  in  chloro- 
benzoate  groups  hydro- 
lyzed in  second  re- 
action   0.22t-.... 


17.65. 


49.8 


. ... 22,3 


Chlorine  present  in  sub- 
stituents, total 0.723 56.97 

C ^ ] or  i ne  1 ’.na  c c ount  c d f or  , 

total 0.2664 20.92 


Toc*7o 
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A sample  of  the  reaction  mixture  after  removal  of  free 
p-chlorobenzoic  acid  was  fractionally  distilled,  and  three 
significant  fractions  were  analyzed  for  chlorine  content 
and  molecular  weight. 


MOLECULAR  WEIGHT  OF  PARTIALLY  .VULCAiriZRD 

-Am 

Weight  percent  of  polymeric  product  based  on 


reaction  mixture 15*92 

Molecular  weight  of  Fraction  I 250 

Chlorine  in  Fraction  I,  percent 0.43 

Molar  ratio  of  chlorine  to  Fraction  1 0.036 

Molecular  weight  of  Fraction  II 855 

Chlorine  in  Fraction  II,  percent 4.47 

Molar  ratio  of  chlorine  to  Fraction  II 1.08 

Molecular  weight  of  Fraction  III 1060 

Chlorine  in  Fraction  III,  percent 7.86 

Molar  ratio  of  chlorine  to  Fraction  III 2.34 


This  work  has  shown  that,  in  addition  to  benzoic 
acid  which  was  known  to  be  a product  of  the  vulcanization 
of  silicone  rubber  by  benzoyl  peroxide,  a large  amount  of 
substitution  into  the  siloxane  molecule  occurs.  In  fact, 
substitution  consumes  70  to  80  percent  of  the  peroxide 
accounted  for,  with  20  to  30  percent  appearing  as  benzoic 
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acid.  Some  of  the  substituted  groups  are 
benzoate  groups  and  thus  are  the  source  of 
carbon  dioxide  which  oscapes  during  the  oven 
curing  of  rubber*  When  carbon  dioxide  escapes, 
benzoate  groups  become  phenyl  groups.  Substitution 
and  cross-linking  oocur  simultaneously  in  the  same 
molecule  and  are  probably  related,  sinco  more 
substitution  occurrod  in  the  more  highly  cross- 
linked  molecules* 

3 * Mochani an  of  Vulcan Iz ation  of  Silicone  hubb e r 
This  part  of  the  study  was  performed  to 
investigate  the  formation  of  benzoic  acid  in 
tho  silicone  rubber  during  press  cure.  This 
was  accomplished  by  compounding  several  slabs 
of  General  Electric  SE-76  gum  with  Santocel  C 
and  varying  percentages  of  benzoyl  peroxide  and 
giving  them  different  press  cures*  The  press- 
curud  slabs  were  analyzed  for  benzoic  acid 
formed,  and  residual  benzoyl  peroxide,  boforo 
ovon  curing  one  hour  at  300°p.  Physical  properties 
of  tho  oven  cured  slabs  wore  determined* 
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Results 

Expectedly,  the  amount  of  benzoic  acid 
formed  was  proportional  to  the  amount  of 
benzoyl  peroxide  initially  present*  At 
initial  c one en trot ions  of  6 percent  or  less, 
only  4 to  10  percent  of  the  benzoyl  peroxide 
appeared  as  benzoic  acid*  Thi3  ia  much  less 
than  was  found  in  experiments  involving  the 
reaction  with  silicono  oils.  With  8 percent 
of  benzoyl  peroxide  added,  27  percent  of  it  was 
transformed  to  b. azoic  acid* 


Percent  B*  P* 
Present 

2 

4 

6 

8 


Percont  B*  A» 
Founds 


*126 

.242 

.442 

2.168 


Percont  B*  A. 
Found  -fr-ft 

6*3 

6*05 

7*37 

27.06 


percent  based  on  100  parts  of  rubber 
<h:-  percent  based  on  initial  benzoyl  peroxide 


There  was  no  proportional  variation  in  the  amount 
of  benzoic  acid  found  as  time  and  tumpe  rature  were 
varied  from  5 minutes  at  212°F»  to  10  minutes  at 
300°F. 

Peroxide  decomposition  was  85  percent  complete  at  all 
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curing  conditions  more  severe  than  a 10-minute  rise  to 
250°F.  plus  5 minutes  at  250°F.  Excellent  cures  were 
obtained,  with  only  44  percent  decomposition  of  the  per- 
oxide, with  a 10-minute  rise  to  250°F.,  followed  by  cool- 
ing to  room  temperature.  Excellent  cures  were  obtained 
with  a 5-minute  rise  to  212 °F.  plus  10  minutes  at  212of., 
with  only  4l  percent  decomposition  of  the  peroxide.  There 
seems  to  be  no  justification  for  carrying  out  press  curing 
longer  or  at  a higher  temperature. 

Swelling  of  3 i l^cojp__Rubbcr,_ JioJj^cu lar  ,V/c_ig_ht_  between  Cross- 
LTnTcs'  and  ~EKc  ‘G'o'hca  ivc"  Tfiicr  gy~  ~DensiYy  " * 

In  Report  Ho.  10  and  Report  No.  11,  a very  thorough 
study  of  the  structure  of  vulcanized  silicone  rubber, 
carried  out  by  R.  L,  Hauser  of  this  laboratory,  was  re- 
ported. This  work  was  done  by  swelling  samples  of  vulca- 
nized silicone  rubber  and  following  carefully  the  rate  and 
magnitude  of  the  swelling,.  Flory  has  derived  equations 
relating  the  molecular  weight  of  the  rubber  with  the  volume 
fraction  of  polymer  in  the  swollen  network.  There  is 
one  parameter  (/< ) in  the  equation  which  has  a different 
value  for  each  rubber  and  solvent  pair.  Values  of  U arc 
known  for  most  rubber  and  solvent  pairs,  but  were  unknown 
for  silicone  rubber  with  the  various  solvents.  By  making 
ingenious  approximations,  Mr.  Hauser  was  able  to  arrive 
at  limiting  values  for  both  the  molecular  weight  and  the 
parameters  themselves , The  molecular  weight  referred  to 
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above  is  that  designated  as  Mc,  defined  as  the  molecular 
weight  of  polymer  between  cross-links.  Its  value  there- 
fore gives  a measure  of  the  degree  of  cross-linking  or 
the  degree  of  vulcanization. 

This  section  of  this  report  is  devoted  to  a summary 
of  Mr.  Hauser’s  work  on  swelling.  Included  among  other 
results  is  direct  proof  that  the  first  two  percent  of 
benzoyl  peroxide  is  far  more  efficient  in  its  cross-link- 
ing action  than  the  next  six  percent.  Another  theoretical- 
ly important  conclusion  is  that  the  cohesive  energy  density 
of  vulcanized  silicone  rubber  is  7.50  ^ .05.  Mr.  Hauser 
also  worked  out  the  technique  of  carrying  out  swelling 
measurements  over  long  periods  of  time.  It  was  found  that 
the  swelling  is  affect'd  by  the  simultaneous  extraction  of 
polymer  by  the  swelling  liquid. 

It  should  be  possible  to  continue  this  theoretical 
work  on  silicone  rubber  which  is  vulcanized  by  GS1993 
Silica,  to  establish  the  M value,  i.c.,  the  molecular 
weight  between  cross-links  formed  by  the  interaction  of 
the  G31993  pigment  and  the  rubber. 

It  is  known  that  most  oils  and  fuels  deteriorate 
rubber  products,  silicone  rubber  being  affected  to  such  an 
extent  that  its  residual  strength,  when  swollen,  is 
practically  zero. 

The  orcscnt  study  was  carried  out  with  the  aim  of 
shedding  sono.  Daght  or  the  mechanism  of  swelling  and  the 
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EQUILIBRIUM  Vo 

VALUES  FOR 

SE-76  VULCAN IZATE 

(Vg  is  the  volume 

fraction  of 

polymer  in  the 

swollen  network) 

Solubility  far* 

imeter 

Solvent 

( cal ./c*c. ) i 

f v2 

Perfluoro  (methyl  - 

cyclohexane) 

6.5 

1*0 

Nog. 

N-Hexane 

7.27 

.138 

.323 

N-octane 

7.55 

.141 

• 308 

Methyl  c ycl  ohexane 

7.83 

•137 

• 333 

Cycl ohexane 

8.20 

.148 

.400 

D-Limonene 

8.50 

.183 

.416 

Xylene 

8.82 

.182 

•458 

Toluene 

8.91 

.170 

•439** 

Benzono 

9.16 

.206 

.521 

Methyl  ethyl  ketone 

9.22 

.285 

.577 

•»  Relative  values  for  interaction  coefficient  based 
on  this  study# 

<«*•  An  independent  determination  reported  by  Dr*  A*M* 
Bueche  at  the  Gordon  Conferences,  Now  London,  N*H* 
August  1953  was  0*465  for  toluene.  This  was 
determined  from  light  scattering  measurements 
in  toluene* 
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controllable  factors  which  affect  the  magnitude  cf  swell 

of  a specific  polymothyldisiloxano  elastomer.  These 

factors  are  related  to  the  amount  of  cross-links  of  the 

vulcanizing  agent  used  in  the  compound  formulation  and 

to  the  temperature  conditions  of  vulcanization® 

More  specifically,  the  degree  of  3well  is  dependent 

upon  the  solvent  and  also  upon  the  molecular  network  of  a 

polymer,  whose  most  significant  factor  is  the  molecular 

weight  of  the  chain  between  cross-link3,  called  Mc»  It 

was  possible  to  determine  M.  by  U3ing  a theoretical 

c 

equation  derived  by  J*  Flory  which  relates  M_  to 

c 

the  d ogree  of  swell  and  to  a polymer- solvent  interaction 
coefficient  M.,  independent  of  A special  apparatus 

was  constructed  to  make  possible  frequont  and  accurate 
measurements  of  sample  swells  in  various  solvents*  The 
table  on  the  opposite  page  shows  the  equilibrium  reached 
with  various  fluids  ••  The  cohesive  enorgydonsity  of  the 
rubber  lies  close  to  the  value  of  the  solubility  parameter 
of  the  solvent  or  solvents  causing  the  most  swolling(Geo)  • 

A more  accurate  method  of  determining  A7  is  possible  if 
more  uniform  molecular  weight  polymer  is  taken  initially* 
Those  swelling  tests  with  various  solvents  made 
calculation  of  cohesive  enorgydonsity  of  polymethyldisiloxane 
elastomer  possible.  It  is  equal  to  7*50  ( cal  «/c«  c*  )c,  which 
was  arrived  at  by  the  method  of  Gee  and  by  a more  accurate 
method  proposed  by  Hauser.  The  polymer -sol vent  interaction 
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coefficients  (A)  were  shown  to  be  in  fair  agreement  with 
the  theories  relating  to  the  heat  of  mixing  the  liquids. 

The  amount  of  cross-linking  agent  used  in  the  vulcan- 
ization of  silicone  elastomer  v/as  found  to  vary  significant- 
ly but  not  quantitatively  the  resulting  M • Varied  time 

c 

and  temperature  conditions  of  vulcanization  also  affected 
this  factor. 


MUIiI 

VARI_ATI0jf  OF.  McJ/ITJiJir.  i^THOD  OF  PREPARATION 
OF  SILICONE  RULDFR 


Pre ss_  Cure  0y_en.j3urc. 


B.P-. 

Time y min 

Temn. . °F. 

Tine,  hrs. 

Temp^oF. 

Mc 

0.5 

15 

250 

24 

300 

>24,000 

2.0 

15 

250 

24 

300 

11,000 

8.0 

15 

250 

24 

300 

9,000 

2.0 

10 

250 

24 

300 

17,000 

2.0 

10 

230 

24 

300 

14,000 

2.0 

15 

?30 

24 

300 

18,000 

2.0 

15 

250 

24 

300 

11,000 

2.0 

15 

250 

1 

300 

24,000 

2.0 

15 

250 

48-hr,  cycle  to  40O°F. 

13,000 

- 


The  values  of  Mc  snow  that  the  first  two  percent  of 
benzoyl  peroxide  added  to  a silicone  recipe  is  far  more 
efficient  in  its  cross-linking  action  than  the  next  six 
percent. 

The  rate  of  extraction  of  polymor  was  considered  in 
conjunction  with  the  rate  of  swelling,  and  the  rate  equations 
were  calculated  for  both  processes  which  seemed  to  proceed 


----- 
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ad  infinitum.  The  aim  of  this  part  of  th<~  study  was 
to  determine  rates  of  extraction  from  various  samples  of 
silicone  rubber  and  determine  if  extraction  results  from 
the  presence  of  nonvuleanized  molecules  or  from  network 
breakdown  during  swelling.  It  w as  found  that  the  extrac- 
tion of  silicone  polymer  when  it  is  swollen  by  benzene 
may  be  partly  due  to  solvation  of  nonvuleanized  molecules 
but  it  is  also  partly  due  to  breakdown  of  the  cross-linked 
network. 
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DISCUSSION 

During  the  four-year  period  covered  by  the  t\/o  con- 
tracts under  which  this  work  was  done,  silicone  rubber  and 
its  technology  have  cone  a long  way.  Not  a little  of  this 
progress  has  been  aided  by  work  done  under  these  contracts. 

Prior  to  1950,  knowledge  of  silicone  rubber  was 
rather  closely  guarded  by  the  suppliers  who  frankly 
admitted  that  this  via  a due  to  various  causes,  such  as: 
a)  the  polymer  was  inherently  a low-tensile  polymer  and 
the  less  publicity,  the  better;  b)  the  competition  between 
suppliers  made  publication  inadvisable;  c)  there  was  a 
scarcity  of  compounding  information  but  considerable  know- 
ledge of  electrical  properties;  and  d)  the  compounding 
techniques  were  so  unconventional  that  they  might  retard 
the  progress  of  the  polymer  if  they  were  publicized. 
Regardless  of  the  merits  of  these  arguments,  the  faith  in 
this  polymer  of  the  two  contracting  parties  appears  now 
to  have  been  justified. 

Silicone  rubber  is  now  entering  an  accelerating 
growth  period  in  which  the  improved  tensile  strength, 
abrasion  resistance,  tear  resistance  and  compression  set 
resistance  will  greatly  aid  in  spreading  its  use.  Publi- 
cation of  compounding  data  and  recipes  will  bring  many 
more  rubber  compounders  into  the  field,  and  progress 
toward  even  better  products  will  be  rapid.  This  fact  alone 
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would  seem  to  justify  the  expense  of  the  work. 

It  is  very  definitely  true  that  dimethyl  silicone 
rubber  requires  more  reinforcement  than  other  common 
synthetic  rubbers.  The  polymer  chains  appear  to  be  less 
interlocked  mechanically  or  by  van  de  Waal’s  forces  or  by 
forces  of  crystallisation  than  those  of  any  other  common 
polymer.  However,  this  fact  and  the  fact  that  free 
rotation  exists  down  to  a very  low  temperature  account 
for  the  greatly  superior  low-temperature  properties  of 
the  silicones.  It  now  appears  that  finely  divided  pigments, 
such  as  Alon  and  G31993  Silica,  are  so  well  wet  by  the 
rubber  that  they  permit  high  elongations  to  be  reached 
when  the  rubber  is  vulcanized.  The  attractive  forces 
between  these  (and  several  other  fillers)  and  the  silicone 
rubber  are  far  greater  than  those  between  the  polymer 
chains  themselves.  It  would  seem  that  even  greater  strengths 
than  those  already  reached  are  quite  logically  to  be 
expected. 

Aside  from  the  interest  which  is  rapidly  developing 
in  silicone  rubber  on  the  basis  of  improved  physical 
properties,  there  is  a definite  possibility  that  some 
chemical  modification  of  the  fully  polymerized  silicone 
rubber  may  yet  be  possible  to  make  derivatives  which  will 
also  be  useful.  One  of  these,  called  G-2,  has  been  made 
and  used  in  the  factory  of  the  contractor  for  the  purpose 
of  lubricating  and  bonding  silicone  rubber  to  the  fibers 
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of  glass  cloth  where  the  composite  is  to  be  used  in 
diaphragms.  Such  diaphragms,  which  formerly  failed  to 
pass  a flexing  specification  calling  for  100,000  flexes, 
have  been  meeting  this  specification  v/ithout  difficulty 
since  the  use  of  the  glycerol-stabilized  liquid  silicone 
rubber  has  been  introduced.  Time  has  not  permitted  find- 
ing an  explanation  or  mechanism  for  the  improvement.  It 
is,  of  course,  possible  that  a similar  result  could  be 
achieved  in  some  cheaper  way, 

■Results  being  obtained  under  another  contract  (NOas 
51-766-c) , which  were  predicted  by  work  done  on  the 
chlorination  of  depolymer ized  silicone  rubber  under  this 
contract,  give  promise  of  improved  fuel-resistant  silicone 
rubbers  which  retain  resilience  at  low  temperatures. 

This  goal,  which  is  being  sought  by  all  branches  of  the 
armed  services,  if  reached,  would  in  itself  certainly 
justify  the  time  and  effort  spent  on  it  to  date* 

An  intangible  but  still  worth-while  result  of  the 
two  contracts  with  the  Office  of  The  Quartermaster  General 
is  the  not  inconsiderable  amount  of  know  ledge  of  the 
chemical  properties,  the  compounding  know-how,  the  diffi- 
culties and  the  advantages  of  silicone  rubber  which  have 
been  studied  and  reported  in  this  series  of  fourteen 
reports.  Such  information  is  not  available  elsewhere, 
due  to  the  paucity  of  publication  in  this  new  field. 

At  least  one  major  contribution  of  a theoretical 
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nature  has  been  made  in  the  studies  of  the  mechanism  of 
swelling  of  silicone  rubber  and  how  swelling  is  affected 
by  state  of  cure.  An  exact  figure  for  the  cohesive  energy 
density  of  silicone  rubber  was  found.  (This  has  since 
been  confirmed  according  to  a private  communication  from 
another  laboratory.)  The  methods  and  principles  of  swell- 
ing of  a vulcanized  rubber  such  as  silicone  can  be  used 
as  a tool  in  further  investigations  of  the  mechanism  of 
reinforcement.  It  is  to  be  hoped  that  this  work  can  be 
continued  at  an  early  date.  The  advantages  of  studying 
both  the  theory  of  reinforcement  of  rubbery  polymers  and 
also  the  theory  of  vulcanization  of  rubber  in  a system 
which  is  as  simple  as  the  dimethyls! lcxane  rubbers  are 
obvious.  Here,  with  a single  vulcanizing  agent,  benzoyl 
peroxide,  and  starting  with  a pure  polymer,  some  of  the 
complicated  effects  of  particle  size,  particle  shape, 
and  the  nature  of  the  surface  of  the  particle  can  be 
studied  and  the  thermodynamic  equations  can  be  worked  out 
for  reinforcement.  It  should  also  be  possible  to  work 
out  more  accurate  expressions  than  heretofore  obtained 
for  the  stress-strain  curves.  It  would  be  interesting, 
too,  to  investigate  the  effect  of  vulcanizing  agents  other 
than  benzoyl  peroxide  on  the  swelling  characteristics 
of  the  rubber.  The  number  of  cross-links  produced  by 
benzoyl  peroxide  is  less  than  that  expected  on  the  basis 
of  theory,  and  the  way  is  open  for  the  development  of  a 
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more  efficient  vulcanizing  agent. 

Adequate  reinforcement  of  silicone  rubber  appears  to 
be  obtained  only  vhen  thorough  wetting  of  the  filler  by 
the  rubber  is  attained.  Several  ways  of  improving  this 
have  been  found: 

1.  Dispersion  of  filler  in  solutions  of  depolymerized 
rubber 

2.  Prolonged  milling 

3.  Uso  of  fillers  which  are  easily  wet  by  silicone 
rubber,  such  as  silica,  alumina,  silica  aerogels 
and  certain  d iatomaceous  earths 

4.  Use  of  preheating  treatments  to  promote  contact 
between  filler  and  rubber 

5.  Use  of  aging  and  remilling  for  the  same  purpose 

6.  Application  of  liquid  siloxanes  to  the  surface 
of  porous  fillers 

V/hen  any  of  these  methods  results  jn  good  wetting, 
and  when  the  filler  is  of  small  particle  size  (0.01  to 
0.02  microns),  maximum  reinforcement  results.  This 
usually  occurs  at  1^  to  25  percent  volume  loading.  The 
cross  section  of  the  siloxane  chains  (40  8 2)  is  still 
small  compared  to  the  cross  section  of  a 0.01 /'particle. 
The  latter  is  2500 "M*  82.  A filler  particle  of  0.001/^ 
diameter  would  have  a cross  section  of  25^2  and  would 
be  of  the  same  order  of  magnitude  as  the  siloxane  chains 
themselves.  If  this  were  an  easily  wetted  material, 
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great  improvement  in  reinforcement  should  result. 

Improved  tear-resistance  seems  to  result  when  both 
tensile  strength  and  elongation  at  break  are  high.  This 
appears  to  occur  when  reinforcement  is  not  too  great,  so 
that  strain  does  not  cause  localized  stresses.  The  resis- 
tance is  also  improved  when  fibrous  materials  are  introduced 
to  dissipate  localized  forces  at  the  tearing  centers. 

High  elongation  occurs  when  peroxide  concentrations 
are  lov  or  when  fillers  such  as  Alon  or  titanium  dioxide 
interfere  with  normal  action  of  the  benzoyl  peroxide.  Con- 
trol of  the  curing  action  of  GS199S  Silica  by  limiting 
the  time  and  temperature  of  curing  or  aging  also  results 
in  high  tear-resistance.  High-molecular-weight  3ilicone 
rubbers  which  require  fewer  cross-links  to  vulcanize  them 
should  have  outstanding  tear-resistance. 

It  has  been  observed  in  this  work  that  reduced  benzoyl 
peroxide  generally  results  in  some  improvement  in  com- 
pression set  resistance.  This  appears  to  be  due  to  reduced 
depolymerization  in  the  presence  of  less  benzoic  acid. 

The  effect  is  small  but  definite,  a s is  the  improvement 
resulting  from  lowered  curing  temperatures  (press  curing) 
and  for  a similar  reason.  Long  oven  cures  are  evidently 
needed  to  shake  loose  and  evaporate  low-molecular  frag- 
ments which  might  otherwise  break  loose  during  the  com- 
pression set  determination,  thus  causing  cross-link3  to 
f'Tm  during  the  test  with  a resultant  high  set.  It  is 
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assumed,  here,  that  cross-links  are  formed  v;hen  chain 
ends  break  loose. 
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If  such  reactions  occur  during  oven  cure,  they  would 
not  change  greatly  the  value  of  M as  has  been  found  to 

V 

be  true,  but  they  might  greatly  reduce  ultimate  elonga- 
tion, as  is  also  true,  and  they  should  definitely  reduce 
the  formation  of  cross-link3  during  compression  set  deter 
minations. 

Preheating,  as  practiced  here,  should  reduce  compres 
sion  set,  as  was  found  to  be  the  case, 

A prediction  of  the  future  of  Alon  and  GS199S  Silica 
insofar  as  they  are  related  to  silicone  rubber  may  not 
be  out  of  place.  Both  fillers  face  tough  competition 
because  they  are  expoetbd  to  cost  at  least  a dollar  per 
pound  in  comparison  with  Santocel  C and  Aerosil  at  prices 


less  than  a dollar  per  pound.  This  would  be  especially 
true  if  silicone  rubber  eventually  reaches  a "popular 
price"  of  a dollar  per  pound.  For  those  applications 
where  outstanding  tensile  strength  and  elongation, 
abrasion-  and  tcar-resistance  are  needed,  and  many  more 
such  applications  will  be  found  in  the  future,  C-S199S 
Silica  will  be  required  until  improved  types  of  this  or 
other  fillers  make  it  obsolete.  The  technical  public  will 
not  be  satisfied  permanently  ”ith  a rubber  which  is  strong 
only  when  reinforced  with  glass  fabric.  There  is  an 
excellent  chance,  also,  that  use  will  be  made  of  the 
resinous  properties  imparted  at  high  curing  temperatures 
by  GS1993.  Flexible  resin  coatings  can  be  made  from 
silicone  rubber  and  GS1993  Silica.  \fe  have,  as  yet,  no 
knowledge  of  the  relative  value  of  these  versus  the  commer- 
cially available  silicone  resins. 

The  study,  here,  of  the  mechanism  of  peroxide  vulcan- 
ization is  not  considered  as  completed  research.  We  still 
do  not  know  with  sufficient  accuracy  the  disposition  of 
all  the  peroxide.  We  know  only  that  a considerable  portion 
of  it  is  wasted,  particularly  if  high  concentrations  are 
used.  This  subject  needs  further  study,  and  better  cross- 
linking  agents  are  needed. 

The  question  of  molecular  weight  should  not  be  con- 
sidered one  to  be  answered  with  convenience  for  the 
manufacturers  of  silicones.  While  it  may  be  true  that 
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the  heterogeneous  polymers  of  the  past  require  such  strong 
reinforcement  that  one  must  necessarily  use  a rubber  con- 
taining much  lower  polymer  in  order  that  it  may  be  milled, 
extruded  and  calendered,  it  is  to  be  hoped  that  greater 
chain  length  may  reduce  the  amount  of  reinforcing  filler 
needed  and  thus  make  it  possible  to  use  a less  "soupy" 
polymer.  Polymer  or  resin  at  Ok, 00  per  pound  is  much  too 
expensive  an  item  to  evaporate  in  a curing  oven.  It  has 
been  clearly  shown  that  the  higher  molecular  weight 
polymer  is  to  be  preferred  when  GS1993  silica  is  the 
reinforcing  and  curing  agent.  Benzoyl  peroxide,  however, 
tends  to  cover  up  the  defects  of  low-mole  cular-weight 
silicone  rubber. 

At  this  time,  no  important  application  of  the  rela- 
tively easy  depolyracrization  of  silicone  rubbers  \/ith 
acids  or  acidic  substances,  other  than  reclaiming,  is 
foreseen.  As  a method  of  producing  a soluble  siloxane 
material  for  further  reactions,  it  v;ould  seem  that  better 
reactants  could  be  made  directly  from  the  monomers.  As 
a possible  method  for  producing  reactive  surfaces  against 
which  other  materials  may  be  bonded,  it  would  seem  that 
there  are  some  possibilities.  Some  work,  using  such 
techniques,  has  been  carried  out  under  contract  with  the 
Department  of  the  Navy  (NOas  51-766-c), 

This  discussion  would  not  be  complete  without  sugges- 
tions or  recommendations  to  the  Government  concerning 
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further  research  and  development  work  on  the  silicones. 

(1)  It  is  advisable  that  the  Office  of  the  Quarter- 
master General  continue  to  maintain  contact  with  an  indus- 
trial concern  which  is  interested  in  making  articles  out 
of  silicone  rubber,  so  as  to  take  advantage  of  the  latest 
improvements  in  the  field,  whether  they  may  stem  from  the 
work  recorded  hero  or  from  unsponsored  developments. 

Such  contact  docs  exist  betweon  the  Office  of  the  Quarter- 
master General  and  The  Connecticut  Hard  Rubber  Company 
(DA  44-109-qm-1246)  • Products  on  which  development  work 
is  being  carried  out  include  V-belts  made  from  silicone 
rubber,  heat-resistant  flue  patches  for  tents,  and 
electrical  connectors  made  from  silicone  rubber  wire. 
Independently,  the  Connecticut  Hard  Rubber  Company  has 
fabricated  a retread  compound  using  silicone  rubber  rein- 
forced vith  GS199S  silica  and  has  shown  in  road  tests 
that  its  abrasion  resistance  is  of  a quality  comparable 
to  that  of  standard  retread  materials. 

(2)  VJe  recommend  that  fundamental  research  be  spon- 
sored by  the  Government  through  one  of  its  defense  agen- 
cies to  study  further  mechanisns  of  reinforcement  and  also 
to  study  the  mechanism  of  vulcanize tion  of  silicone  rubber. 
This  Company  would  be  interested  in  carrying  out  such 
research  because  it  feels  that  continued  fundamental 
research  is  essential  to  provide  data  which  later  result 

In  better  raw  materials  out  of  which  improved  products 
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are  produced.  We  submit  that  the  history  of  the  whole 
polymer  field  is  a demonstration  of  this  point. 

It  is  also  recommended  that  a program  in  a competent* 
laboratory  be  sponsored  for  the  purpose  of  fitting  stress- 
strain  curve  equations  to  the  stress-strain  curve  of  the 
silicone  rubber*  The  simplicity  of  recipes  for  vulcan- 
izing and  reinforcing  silicone  rubber  and  the  possibility 
of  producing  relatively  uniform  molecular  weight  fractions 
of  the  rubber  should  give  rise  to  very  accurate  data  in 
a problem  of  this  kind.  Furthermore,  the  freedom  from 
harniful  degradation  by  oxygon  and  the  wide  tempe  rature 
range  over  which  the  polymer  is  comple  tely  stable  would 
make  it  possible  to  carry  out  such  research  over  a wide 
tempe  rature  range  and  permit  determination  of  the  effect 
of  the  temperature  parameter.  Contracts  of  this  type  have 
the  advantage  in  that  they  provide  not  only  the  fundamental 
research  but  trained  investigators. 

(3)  Stronger,  more  useful  silicone  rubber  appears 
to  be  possible  (a)  by  producing  highor  molecular  weight 
rubber,  and  (b)  by  producing  even  finer  filler  particles 
with  which  to  reinforce  it.  Such  systems  will  undoubtedly 
be  produoed  eventually.  They  could  be  produced,  at  least 
experimentally,  more  rapidly  if  research  and  development 
work  were  sponsored  by t ho  Government.  It  is  reoommended 
that  if  funds  are  available,  and  if  a satisfactory 
program  can  bo  obtained  from  an  industrial  firm  such  a 
c on traot  should  now  be  initiated. 
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